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1 Introduction

For the body to carry out essential functions like growth, repair, physical activity and
maintenance of body temperature, food must be consumed and utilized. This occurs via
thousands of different chemical reactions that are all linked to form chains and this network of
reactions is encompassed in the term ‘metabolism’. One very central metabolic process is the
splitting of glucose with the production of ATP (energy), in the absence of oxygen, known as
glycolysis. Glucose enters the cell by facilitated diffusion via a family of glucose transporters
(GLUT). In skeletal, cardiac and adipose tissue, GLUT4 is the transporter responsible for
glucose uptake and a hormone called insulin stimulates this transporter. Insulin is a peptide
secreted by the B-cells of the islet of Langerhans in the pancreas. It is synthesized in the rough
endoplasmic reticulum as proinsulin, a folded peptide consisting of an A and a B chain
connected by disulfide bonds. The folding of the peptide is facilitated by a connecting peptide
(C-peptide), which is detached before proinsulin is secreted via granules as insulin into the
bloodstream. The physiological effects of insulin are far reaching and although it is best known
for its hypoglycemic effect (by increasing glucose uptake into cells), it can also facilitate
cellular K uptake and stimulate both protein synthesis and lipogenesis. Therefore, insulin
deficiency can have serious physiological consequences resulting in extracellular glucose
excess (hyperglycemia) and intracellular glucose depletion, a situation that has been referred to
as ‘starvation in the midst of plenty’. The extensive consequence of insulin deficiency is
demonstrated in humans where this is associated with a common and serious pathological

condition referred to as ‘diabetes mellitus’.

1.1 Diabetes mellitus

The World Health Organization estimates that more than 177 million people worldwide suffer
from diabetes mellitus, a figure that is likely to double within the next 20 years. The economic
and human cost of this disease is devastating. Eighteen million Americans currently have
diabetes and the estimated lifetime risk for Americans born in 2000 is 1 in 3. The total cost of
diabetes in the United States in 2002 was $132 billion.

Diabetes is the most common cause of blindness among adults, the most common cause of non-
traumatic amputations and end-stage renal disease and the sixth most common cause of death.

In Germany, every 19 minutes a person with diabetes suffers a heart attack. Yet only limited
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knowledge exists about the pathogenesis, the cardiovascular consequences, and the prevention
of this disease.

There are two main forms of diabetes:

1.1.1 Type 1 diabetes

Type 1 diabetes, also referred to as insulin-dependent diabetes mellitus (IDDM), accounts for
5-10 % of all cases of diabetes and is due primarily to autoimmune-mediated destruction of 3-
cells of the islets of Langerhans of the pancreas. This results in insufficient insulin production
to regulate blood glucose levels, resulting in hyperglycemia. It is not known by what
mechanisms the autoimmune response is triggered, but it was shown that environmental factors
have a particularly powerful influence on the appearance of type I diabetes. Very low rates of
type 1 diabetes were found in Asian populations, whereas Finland shows the world’s highest
incidence [1]. However, other Baltic States like Estonia whose population is ethnically very
similar to that of Finland, suffer only a third the incidence. Interestingly, it was recently
suggested that macrolides produced by Streptomyces species may function as a trigger in
genetically susceptible people. These species are ubiquitously present in soil and may be taken
up through the diet by infested vegetables [2]. Of note, Streptomyces species are the source of
streptozotocin, an agent used to produce experimental diabetes in rodents.

It is still not known how to prevent or reverse diabetes type 1 in a sufficiently innocuous
manner to be therapeutically useful. Patients suffering from type 1 diabetes are entirely
dependent on exogenous insulin. The frequency of this disease is relatively low compared to
type 2 diabetes, and although the onset of the disease can occur at any age, this form of diabetes

usually strikes children and young adults.

1.1.2 Type 2 diabetes

Type 2 diabetes, also referred to as non-insulin-dependent diabetes mellitus (NIDDM) accounts
for over 90 % of diabetic cases worldwide. It usually begins with insulin resistance, a disorder
in which the cells do not use insulin properly. As the need for insulin rises, the pancreas
gradually becomes overwhelmed and loses its ability to produce insulin. Related disorders
include impaired glucose tolerance and impaired fasting glucose. The term metabolic syndrome
or syndrome X is used when these disorders go hand in hand with risk factors such as obesity,

insulin resistance/hyperinsulinemia, hypertension and dyslipedemia. People with type 2
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diabetes are not dependent on exogenous insulin, and although they may require it for control
of blood glucose, following a careful diet and exercise program and taking oral medication may
be sufficient to control blood glucose levels. Type 2 diabetes is associated with obesity,
physical inactivity, family history of diabetes and race/ethnicity. Although this disease occurs
more frequently in the elderly there is, as a result of our changing lifestyles, an alarming
increase in type 2 diabetes in children. It is most pronounced in non-European populations
(Native American, Pacific Islands, Australian Aboriginals), while Asia shows the highest

potential for increases in people with type 2 diabetes.

1.1.3 Clinical manifestation of diabetes

An essential clinical symptom of diabetes is a capillary blood glucose level of >110 mg/dl after
overnight fasting. Type 1 diabetes is also associated with polyuria, polydipsia and weight loss,
while symptoms of type 2 diabetes are often more unspecific and include headaches, increased
tiredness and increased infections, and often diabetic complications (see below) may be the first
warning signs.

Vascular disease is the main etiology for death and for a great percent of morbidity in patients
with diabetes. Diabetes affects both small vessels (microangiopathy) and large vessels
(macroangiopathy). Diabetic microangiopathy includes retinopathy, which is the leading cause
of blindness, neuropathy which leads to erectile dysfunction and a sensory loss and damage to
limbs with subsequent amputation, and nephropathy resulting in renal failure. Macroangiopathy
is manifested by atherosclerosis, which, by a complex mechanism, results in the narrowing of
the vessel lumen and presents the leading cause of cardiovascular disease and stroke.
Cardiovascular disease accounts for about 50 % of all deaths among people with diabetes, and
risk factors include high blood pressure, high serum cholesterol, obesity and smoking.

Other complications of diabetes are peridontal diseases, ketoacidosis and hyperosmolar coma.

1.2 Endothelial (dys)function

1.2.1 The endothelium

Endothelial cells line the internal lumen of vessel walls and serve as an interface between the
circulating blood and the underlying vascular smooth muscle cells (SMC). The endothelial

cells, however, are no longer considered a simple mechanical barrier between blood and tissue.
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Chemical mediators secreted by endothelial cells are important in regulating both vascular tone
(nitric oxide ('NO), endothelin-1, thromboxane A, endothelium-derived hyperpolarizing factor
(EDHF)) and blood fluidity (tissue plasminogen activator, prostacyclin (PGI)) and play a key
role in vascular cell growth (platelet derived growth factor, angiotensin II) and inflammation
(adhesion molecules). The correct interplay between these endothelium-derived vasoactive
substances is fundamental for maintaining vascular homeostasis. However, the balance can be
disturbed due to the strategic, yet vulnerable position of the endothelium at the blood/vessel
wall interface, making it a target organ for damaging effects of cardiovascular risk factors such
as chronic smoking, hypertension, hyperlipidemia and diabetes, eventually leading to

atherosclerosis.

1.2.2 Normal endothelial function and vasorelaxation

1.2.2.1 The NO/cGMP pathway

Probably the most significant and widely studied vasoactive substance regulating vascular tone
is the endothelium-derived relaxing factor (EDRF) discovered by Furchgott and Zawadzki in
1980 [3] and identified by Palmer et al [4] to be 'NO. 'NO has potent anti-atherosclerotic
properties and works in concert with PGI; to inhibit platelet aggregation [5]. It also inhibits the
attachment of neutrophils to endothelial cells and the expression of adhesion molecules. In high
concentrations, 'NO can inhibit the proliferation of smooth muscle cells [6].

A simplified scheme of the 'NO signaling pathway involved in vasodilation is shown in Fig.
1.1. Endogenous 'NO is produced from the conversion of L-arginine to L-citrulline by nitric
oxide synthase (NOS) in the presence of molecular oxygen and NADPH. NOS contains both
flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) and requires the cofactor
tetrahydrobiopterin (BH,) for 'NO formation. Three isoforms of NOS have been identified.
NOS-I (nNOS, isolated from brain) and NOS-III (eNOS, isolated from endothelial cells) are
termed constitutive NOS, produce nanomolar levels of ‘NO and are regulated by Ca®'-
calmodulin. In response to certain stimuli (shear stress, achetylcholine), eNOS produces ‘NO,
which is known to be the most potent endogenous vasodilator in the body. NOS-II (iNOS,
isolated from macrophages) is Ca*"-calmodulin independent and is termed the inducible NOS,
activated only under pathophysiological situations in which macrophages exert cytotoxic

effects in response to cytokines.



Introduction 5

‘NO produced in the endothelium diffuses to the underlying vascular smooth muscle cells
where it activates the soluble guanylate cyclase (GC). The GC enzyme, which converts GTP to
3',5'-cyclicGMP (¢cGMP) and pyrophosphate, consists of two families, namely the membrane
bound or particulate GCs (pGC) and the soluble GCs (sGC). Various subtypes of pGC have
been identified of which pGC-A is found in the vasculature as well as in heart, kidney and
spleen. pGC-A is activated by two cardiac hormones released into the bloodstream, namely
atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP), which modulate blood
pressure [7]. sGC is a heme protein and an obligate heterodimer consisting of o and B subunits
and is activated by small gaseous molecules like 'NO and carbon monoxide (CO). The binding
of "NO to the iron (Fell) of the heme group within the enzyme results in its activation, while
full activation of the enzyme requires thiols like cysteine or glutathione. CO, which is a
reaction product of the breakdown of heme by hemoxygenase (HO), has also been shown to
stimulate sGC, however it is about 40-100 times less potent and efficacious than "NO [8].
Activation of sGC results in the hydrolysis of GTP to form the second messenger cGMP. The
effects of cGMP are mainly mediated through cGMP-dependent protein kinases (cGK) but also
by modifying the function of cGMP-gated cation channels and certain phosphodiesterases
(PDE). The cGK can, through different mechanisms, lower the intracellular calcium
concentration leading to the dephosphorylation of the myosin light chain and thus to the
relaxation of the vessel wall. Type I ¢cGK (¢cGK-I) is thought to modulate "NO-induced
relaxation, as acetylcholine (ACh)-induced endothelium-dependent vasorelaxation was
completely abolished in ¢cGK-I knockout mice [9]. A validated substrate for cGK-I is the
vasodilator-stimulated phosphoprotein (VASP), a protein localized at actin filaments, focal
adhesions and dynamic membrane regions which is expressed in platelets, endothelial cells and
smooth muscle cells [10]. VASP can be phosphorylated at 3 distinct sites (serine239, serinel57
and threonine278) by both cGK-I and cAMP-dependent kinases (cAK) with overlapping
specificity and efficiency. However, cGK-I preferentially phosphorylates serine239 (VASP
phosphorylation on ser239), while cAK prefers serinel57. The VASP phosphorylation on
ser239 was shown to be a reliable marker of the activity of the NO/cGMP/cGK pathway in
both animal models of endothelial dysfunction [11, 12] and in humans [13].
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Fig. 1.1. Scheme showing the regulation of vascular tone via the NO/cGMP pathway.
eNOS: endothelial nitric oxide synthase, cGK-I: cGMP-dependent protein kinase-I, ‘NO: nitric
oxide, R: receptor, sGC: soluble guanylyl cyclase, VASP: vasodilator stimulated

phosphoprotein. For details see text section 1.2.2.1.

1.2.2.2 The arachidonic acid/cAMP pathway

Eicosanoids are a group of signaling substances that include prostaglandins (PG),
thromboxanes and leukotrienes and the regulation of their production is crucial in maintaining
vascular tone. Their production is initiated by the release of arachidonic acid from membrane
bound phospholipids by phospholipase A; (see Fig 1.2. for scheme). Arachidonic acid produces
eicosanoids by three different groups of enzyme. Firstly, it is converted to PGH, by PGH,-
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synthase. This enzyme is rate limiting and has both cyclooxygenase (cox) activity
(incorporating two molecules of oxygen into arachidonic acid to form PGG,) and peroxidase
activity (catalyzing a 2 electron reduction of PGG; to form PGH,). PGH,-synthase is therefore
also referred to as cox and two known isoforms exist (cox-1 and cox-2). While cox-2 is
considered the inducible form, cox-1 is constitutively expressed but may also be induced, for
example by shear stress [14].

While PGH; in itself can bind to smooth muscle cells and cause vasoconstriction, it may be
further metabolized via 3 major pathways: In endothelial cells and smooth muscle cells, PGI,-
synthase converts PGH, to PGI, which is a strong vasodilator and inhibitor of platelet
aggregation while in platelets, PGH, is converted by thromboxane synthase to form
thromboxane A, which promotes vasoconstriction and platelet aggregation. PGH, may also be
converted by various endoperoxidases to form other prostaglandins (PGE,, PGF,, PGD;).

An important mediator of PGIl,-induced vasodilation is the second messenger cAMP, which is
formed from ATP by the G-protein-coupled activation of adenylate cyclase. cAMP activates
protein kinase A and regulates the flow of calcium through ion channels. This results in the
lowering of the intracellular calcium concentration leading to the dephosphorylation of the
myosin light chain and thus to the relaxation of the vessel wall.

Arachidonic acid may also be converted by lipoxygenases to 5-hydroperoxyeicosatetraenoic
acid (5-HPETE), which is the precursor of leukotrienes, which in turn are mediators of allergic
responses and inflammation. Finally, arachidonic acid may be converted to several
epoxyeicosatrienoic acids (EETs) and hydroxyeicosatetraenoic acids (HETEs) by cytochrome
P450 (CYP) monooxygenase. This is a group of more than 300 enzymes expressed primarily in
the liver, however some isoforms have been localized in vascular smooth muscle cells and
endothelium. Recently, the EETs formed by the CYP-2C family were postulated to be the
putative endothelium-derived hyperpolarizing factor (EDHF). This factor is thought to mediate
the NO/PGI,-independent component of endothelium-dependent vasorelaxation observed in
coronary, mesenteric and renal arteries. In fact, CYP 2C was described as an EDHF synthase in

coronary arteries [15].
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Fig. 1.2. Scheme showing the regulation of vascular tone by the arachidonic acid pathway.
EDHF: endothelium-derived hyperpolarizing factor, MLCK: myosin light chain kinase, PGL,S:
prostacyclin synthase, PKA: protein kinase A, PL: phospholipids, PLA,: phospholipase A,, R:

receptor, TXA,S: thromboxane A; synthase. For detailed description see text, section 1.2.2.2.
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1.2.3 Endothelial dysfunction

As discussed above, the most widely recognized function of endothelial cells pertains to the
regulation of vascular tone and is therefore characterized by an imbalance of endothelium-
derived relaxing and contracting factors. Traditionally, the term ‘endothelial dysfunction’ is
used to describe the impairment of endothelium-dependent relaxation in response to
endothelium-dependent vasodilators such as ACh. Endothelial dysfunction is an early hallmark
of pathological disorders and risk factors associated with atherosclerosis, including
hypertension, diabetes, hyperlipidemia, chronic smoking and familiar disposition. Recent
studies show that endothelial dysfunction assessed in coronary and peripheral arteries predict
long term progression of atherosclerosis and prognosis in patients with coronary artery disease,
peripheral vascular disease and hypertension [16]. The mechanisms underlying endothelial
dysfunction are multifactorial and include alterations in the arachidonic acid pathway, the
NO/cGMP/cGK signaling pathway, changes in the activity/expression of eNOS and decreased
vascular 'NO bioavailability due to increased production of reactive oxygen species (ROS) (see
below). Due to its important anti-atherosclerotic properties, in any condition where an absolute

or relative 'NO deficit is encountered, the process of atherosclerosis is initiated or accelerated.

1.3 Oxidative stress and endothelial dysfunction

1.3.1 Reactive oxygen species (ROS)

The term "oxidative stress" refers to a condition in which cells are subjected to excessive levels
of reactive oxygen species, called ROS, either due to increased formation of these species or
due to an imbalance between reactive oxygen species and antioxidant defense systems. ROS
are highly reactive molecules that are characterized either by the presence of unpaired electrons
(i.e. they are radicals) such as the superoxide anion (O,"), the hydroxyl radical (OH) and
singlet oxygen (O,'Ag), or by its high reactivity towards oxidizable targets due to their electron
acceptor properties, such as hydrogen peroxide (H,O,), hypochlorite (OCI’), ozone (O3), and
peroxinitrite (ONOO") (see Fig.1.3. for scheme).

0," is formed by one electron reduction of oxygen by a variety of oxidases that take reducing
equivalents from NADPH or NADH (or from xanthine/hypoxanthine in the case of xanthine
oxidase). Because it is an anion, it has a limited permeability through cell membranes.

Furthermore, it is even more unstable than NO and disproportionates very rapidly and



Introduction 10

spontaneously into molecular oxygen and H,O,. Its intracellular target range is therefore
limited to close proximity of its source. Under physiological conditions, its lifespan and range
of action is further limited by superoxide dismutase (SOD). This enzyme exists as 3 isoforms,
occuring either extracellularly (ecSOD), in the cytoplasm (Cu/ZnSOD) or in the mitochondria
(MnSOD) and accelerates the spontaneous decay of O, to form H,O, and O,. However, under
pathological conditions, O, may react with 'NO (with a reaction rate that is about 3 times
faster than the dismutation reaction with Cu/Zn SOD) to form the potent oxidant ONOO'.
ONOO' initiates both DNA single strand breakage and lipid peroxidation and it may nitrate
and/or oxidize amino acid residues in proteins such as tyrosine or cysteine, which affects many

signal transduction pathways.

H,0; is not a free radical; however, it is an oxidant that can serve as a second messenger. It has
a longer half-life than O,” and can diffuse longer distances and is thus able to influence
signaling events at more distant sites. It is thought to propagate its signal by oxidizing active
site cysteine residues. If not degraded by catalase or glutathione peroxidases it can, in the
presence of metals such as copper (Cu") or iron (Fe*"), lead to the production of the hydroxyl
radical "OH (Fenton reaction). This is the most reactive oxygen free radical and unspecifically
oxidizes all target molecules within its reach. Therefore, ‘OH is not regarded as a signaling

molecule.

Some ROS are ideal signaling molecules since they are rapidly generated, highly diffusible,
easily degradable and ubiquitously present in all cell types. They are important for the normal
functioning of the cell; however, excessively high levels of ROS cause damage to cellular
proteins, membrane lipids, and nucleic acids. This may lead to controlled (apoptosis) or

uncontrolled (cytolysis) cell death.
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Fig. 1.3. Scheme showing the formation of reactive oxygen species (ROS) that may play a

role in causing oxidative stress, leading to endothelial dysfunction.

1.3.2 Enzymatic ROS sources

Oxidoreductases are enzymes that catalyze redox reactions and they form the major source of
O,". Enzymes that play an important role in ROS production in the vasculature include the

following:

Xanthine oxidase (XO), which is a biochemically modified form of xanthine dehydrogenase,
catalyzes the oxidation of hypoxanthine and xanthine to uric acid with the concomitant
formation of O, and H,0,. The dehydrogenase form uses NAD" rather than oxygen as
electron acceptor and therefore does not produce ROS. XO activity is the greatest in liver and

intestine but is also found in endothelial cells.
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Cytochrome P450 (CYP) monooxygenases are membrane bound, heme-containing oxidases
found primarily in the liver. Apart from the group of CYP that metabolizes arachidonic acid
(see section 1.2.2.2), these enzymes oxidize, peroxidize and/or reduce cholesterol, vitamins,
steroids and xenobiotics in an oxygen and NADPH-dependent manner. However, during their
reaction cycle, CYP enzymes can generate O,", H,O, and ‘OH (by transferring electrons to the
active bound oxygen instead of the central heme iron). Because these enzymes have been
shown to exist in endothelial and smooth muscle cells, their ROS production may play a
significant role in increasing oxidative stress within the vascular wall. Indeed, Fleming et al.
[17] could show that the isozyme CYP 2C9 was a functionally significant source of ROS in

coronary arteries.

The mitochondrial respiratory chain (in particular complex III and IV) can be another source
of ROS. This can occur through electrons, which leak from the electron transport chain and
reduce oxygen to form O,". Although the percentage of electrons, which leak from the normal
pathway is quite low (1-2%), mitochondria can, because of their high overall activity, produce
considerable amounts of ROS. However, due to the high concentrations of MnSOD within the
mitochondria, the O," levels are kept low and only H,O, permeates the membrane to enter the

cytosol.

The NAD(P)H oxidases are a group of plasma membrane-associated enzymes that have best
been studied in neutrophils. They catalyze the production of O, by the one-electron reduction

of oxygen, using NADPH as the electron donor:
20, + NADPH — 20, + NADP" + H"

The enzyme consists of five components (see Fig.1.4.): p22P" and gp91P"™ (phox for
PHagocyte OXidase) are membrane associated and form the heterodimeric flavohemeprotein
known as cytochrome b558. Together, these subunits form the catalytic component of the

7P 5677 and  p40P™ are found in the cytosol. Upon activation of the enzyme,

oxidase. p4
p47"* becomes phosphorylated and together with p67° and p40P™ translocates to the
membrane where it associates with cytochrome b558 to form the active enzyme complex.
Activation of the enzyme also requires the small molecular weight guanine nucleotide-binding
protein rac-1/2 that binds GTP and migrates to the membrane along with the core cytosolic

complex. The exact function of each subunit has been the subject of much research. p47ph°X is
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mainly responsible for transporting the cytosolic complex to the membrane, but needs to be
extensively phosphorylated by protein kinase C to do this. p67°" is thought to stabilize rac that
in turn seems to be essential for membrane translocation. p40°™™ was recently shown to be
phosphorylated by protein kinase C, this however, resulted in an inhibition of the oxidase
activity [18]. Neutrophil NADPH oxidase activation results in the release of large amounts of
O," in the so-called ‘oxidative burst’, which plays an important part in host defence against
microbial infection. However, the last years have established the existence of a family of non-
phagocytotic oxidases that share many characteristics with that of the NADPH oxidase found in
neutrophils. These oxidases have been identified in many cell types including endothelial cells
[19], smooth muscle cells [20] and adventitial fibroblasts [21]. To date, a non-phagocyte
NAD(P)H-oxidase is thought to be the major source of ROS production in the vascular wall.

Although it is structurally similar to that found in the neutrophils, vascular smooth muscle cells

1 phox 1 phox

of large arteries lack the catalytic moiety gp9 . Recently, two novel homologues of gp9
(also referred to as nox2) have been identified in these cells, namely nox1 and nox4 (nox for
non-phagocytic oxidase) [22, 23]. Both nox1 and nox4 mRNA was also detected in endothelial
cells and fibroblasts, but only nox] mRNAs were detectable in inflammatory cells [24].
Overexpression of nox1 in fibroblasts and nox4 expression in the kidney increased superoxide
production [22, 25], while in adipose cells H,O, production was increased [26], indicating that

these NAD(P)H-oxidase subunits are functionally important.
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Fig. 1.4. Structure of the neutrophil NAD(P)H-oxidase. The cytosolic subunits translocate to
the membrane to form the active enzyme complex (shaded area), which then reduces molecular
oxygen (05) to form O,”. The catalytic subunit gp91°"™* is lacking in smooth muscle cells but
instead these cells express the homologues nox1 and nox4. P= phosphorylation. For details see

text, section 1.3.2.
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1.3.3 ROS, endothelial dysfunction and diabetes mellitus

Abnormal endothelial function in the setting of diabetes has been documented in animal models
as well as in humans (for review see [27]). Although the underlying mechanisms are still
unclear, ROS seem to play a crucial role in the pathogenesis of this disease, shown by studies in
humans where administration of vitamin C was able to correct endothelial dysfunction [28, 29].

The mechanisms by which diabetes can lead to hyperglycemia-induced oxidative stress are

multifactorial [27] (see Fig. 1.5. for scheme) and include the following:

1.3.3.1 Advanced glycosylation end products (AGE)

ROS in diabetes may be the result of the non-enzymatic interaction of glucose with the amino
side chains on proteins or lipoproteins (in particular lysine) leading, through a series of
oxidative and non-oxidative reactions, to the irreversible formation of Schiff-bases called
advanced glycosylation end products (AGE), or Maillard products. Some of the individual
AGE are formed in reactions of proteins with glucose only under oxidative conditions and
these are termed glycoxidation products. AGE can accumulate in tissue over time and can
either on their own or via their receptors (RAGE), found on endothelial cells, smooth muscle
cells and macrophages, inactivate enzymes by altering their structure and function, thus
promoting ROS formation. In particular, the glycosylation of low-density lipoproteins (LDL)
can decrease its receptor-mediated clearance and increase the susceptibility of LDL to oxidative
modification. This increases its uptake by macrophages resulting in foam cells, an early step in
the development of atherosclerosis. AGE have also been shown to quench endothelial derived
NO [30-32]. However, the role of AGE in endothelial dysfunction is controversial and several
authors found no beneficial effect of the AGE inhibitor aminoguanidine on endothelium-
dependent vasodilation [33, 34], showing that AGE are unlikely to interfere with vascular

smooth muscle cell reactivity.

1.3.3.2 Polyol pathway

In tissue that does not require insulin for cellular glucose uptake such as blood vessels,
hyperglycemia activates the polyol pathway in which aldose reductase reduces the aldehyde
form of glucose to form sorbitol. Because this reaction requires NADPH, an increase in the
polyol pathway flux may result in the depletion of cellular NADPH, which is a cofactor for

many enzyme including NOS and the antioxidant glutathione reductase. Sorbitol is then
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oxidized to fructose by the enzyme sorbitol dehydrogenase, while NAD" is reduced to NADH.
It was proposed that the most likely mechanism by which this pathway induces oxidative stress
is due to decreased regeneration of reduced glutathione, as a result of the depletion of the
NADPH stores. However, blocking the sorbitol pathway with aldose reductase inhibitors
improved peripheral nerve conduction but had little effect on diabetic retinopathy, indicating

that this may not be an important pathway in diabetic microvasculopathy [35].

1.3.3.3 Activation of protein kinase C

Another glucose induced alteration in cellular metabolism that may play a role in endothelial
dysfunction is the activation of protein kinase C (PKC) [36]. Activation of PKC has now been
demonstrated in all vascular tissue involved in diabetic complications [37]. In vascular tissue,
hyperglycemia causes the de novo synthesis of diacylglyerol (DAG), the physiological
activator of PKC, mainly through the glycolytic pathway. Incubation of endothelial cells and
smooth muscle cells with high glucose concentrations was shown to increase intracellular DAG
levels, leading to PKC activation [38]. Tesfamarin et al. demonstrated that incubation of aortic
rings with high glucose caused endothelial dysfunction, which was reversed by simultaneous
incubation of the tissue with the PKC inhibitor H2222 [39]. In addition, the PKC inhibitor
LY333531 prevented the hyperglycemia induced reduction in endothelium-dependent
vasodilation in humans [40]. The activation of PKC can regulate many cellular function
including vascular permeability, contractility, cellular proliferation and signal transduction
mechanisms. A common denominator for these abnormalities may be the formation of ROS.
Although the ability of PKC to induce ROS is well established [41, 42], the mechanisms by
which PKC induces vascular dysfunction remain unclear. There is a growing body of evidence
showing that PKC mediates the phosphorylation of eNOS, thereby reducing the activity of the
enzyme [43]. Furthermore, the activity of the superoxide producing enzyme NAD(P)H-oxidase
(see section 1.3.3.4) was shown to increase in a PKC-dependent manner in response to glucose
[41], while in vessels from diabetic patients the NAD(P)H-oxidase derived O, production was
abrogated by the PKC-inhibitor chelerythrine [44].

Finally, in vitro studies have shown that in addition to PKC-mediated activation of O,”
producing-enzymes, O, per se is an activator of PKC, leading to increased oxidative stress in a

positive feedback manner [45].
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Fig. 1.5. Scheme showing the hyperglycemia-induced pathways that may be involved in

the pathophysiology of endothelial dysfunction. The dashed lines indicate positive feedback

mechanisms.

1.3.3.4 Enzymatic superoxide production

Other sources of excess ROS generation in the setting of hyperglycemia may be ascribed to the

increased activity of several O, producing enzymes:

The enzyme NOS can become uncoupled under certain pathophysiological conditions. This

happens when the cofactor BH, is oxidized to BH; so that electrons flowing from the reductase

domain to the oxygenase domain are diverted to molecular oxygen rather than to L-arginine,

with the resulting formation of O,". Furthermore, ONOQO™ may, at low concentrations, disrupt

the zinc-thiolate complex within the catalytic site of NOS, thereby uncoupling the enzyme [46].
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The uncoupled NOS thus turns into an O, producing enzyme, with a concomitant decrease in
'NO production. Evidence for the existence of a dysfunctional, uncoupled NOS in diabetes is

given by studies in animal models [47] and human diabetes [44, 48].

Desco et al. [49] showed that in a rat model of type 1 diabetes, there was an increased release of
xanthine oxidase (XO) from the liver into the plasma. The binding of XO to the
glucosaminoglycans on endothelial cells can result in increased local O, formation, as
observed in aortic rings of these animals. This was restored by administration of heparin, which
releases XO from the vessel wall. In addition, endothelial dysfunction in hypertensive diabetic
patients was improved by acute inhibition of XO by oxypurinol [50]. Moreover, increased
levels of XO were found in the plasma of diabetic mice, concomitant with increased O, levels,

which were restored with oxypurinol [51].

A link between mitochondria and oxidative stress in the setting of diabetes was found by
Brownlee et al [52] who showed that hyperglycemia-induced ROS production in bovine aortic
endothelial cells was abrogated by inhibitors of the mitochondrial respiratory chain or by
overexpression of either uncoupling protein-1 (UCP-1: an uncoupler of oxidative
phosphorylation) or the mitochondria specific MnSOD. Furthermore, this group showed that
normalizing mitochondrial ROS production blocked three pathways of hyperglycemic damage:
it prevented the glucose induced activation of PKC, formation of AGE and sorbitol

accumulation [52].

The NAD(P)H-oxidase is known to be the major source of ROS in the vascular wall and any
dysfunction could play an important role in maintaining vascular tone. Kim et al. could show
an increase in rac-1 membrane translocation associated with an increased NAD(P)H-oxidase
activity in aortic smooth muscle cells cultured in high glucose medium [53]. This group also
found an upregulation of p22°™ mRNA in the aorta of OLETF rats, a model of type 2 diabetes
[54]. Furthermore, in the saphenous veins and mammary arteries of diabetic patients, the
expression of the NAD(P)H-oxidase subunits p22P", p67°** and p47"™ was increased, again

associated with an increase in the activity of the enzyme [44].



Introduction 19

1.4 Aim of the study

Despite the overwhelming evidence of endothelial dysfunction in diabetes, there are reports in
animal models of both enhanced [55-57] and unaltered [58, 59] endothelium-dependent
relaxation. Moreover, there are discrepancies with regard to the time of onset of endothelial
dysfunction in rat models of diabetes: 1 week in intestinal arterioles [60], 2 weeks in
hindquarters but not femoral arteries [61], 4-6 weeks in mesenteric arteries [62] or 4 weeks in
aorta [63]. These differences may be explained by the fact that the mechanism of endothelium-
dependent vasodilation may be distinct, depending on the vascular preparation of the study.
This is illustrated by the presence of impaired vasodilation in vivo in the mesenteric circulation
or in the isolated perfused mesentery of diabetic rats and by its absence in the isolated aorta of
the same animal [64].

In addition, studies show that the alterations in endothelial function seen in the setting of
diabetes seem to be transient. In aortas from spontaneously diabetic rats, the relaxation
response to ACh was enhanced at 12 weeks but decreased at 36 weeks of age [65]. In contrast,
Pieper [66] found an enhanced ACh relaxation of rat aorta 24h after induction of diabetes, no
change at 1-2 weeks and an impaired relaxation at 8 weeks. Interestingly, patients in early
uncomplicated stages of diabetes type 1 show increased blood flow in tissues prone to vascular
complications such as the kidney [67] and retina [68] as well as in skin [69]. Thus, Wascher et
al. [70] suggested the possibility that endothelial dysfunction in type 1 diabetes is a transient
phenomenon, however the mechanism underlying this chronology remains unclear. It is
difficult to reconcile the divergent data concerning the endothelium-dependent vasoreactivity in
diabetes, mainly because of the different experimental conditions used with regard to type of
animal model, type of vascular bed studied, type and doses of diabetogenic agent administered,
duration of the disease and type of vasodilator used.

Thus, the purpose of this study was to shed more light on the vascular consequences of early
(2 weeks) and late (8 weeks) stage diabetes, in particular with respect to oxidative stress,
endothelial (dys)function and the NO/sGC/cGK-I signaling pathway, using a well established
model of type 1 diabetes, the streptozotocin (STZ)-induced diabetic rat [71].
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals

[**P]cGMP

2-Mercaptoethanol
Acrylamide/bis (40% solution)
Ammonium persulfate
Cantharidin

Coelenterazine

DAN (2,3-diaminonaphthaline)
Dihydroethidium

Heparin (Liquemin® N 2500)
L-012

Lucigenin

Mounting medium (Vectashield)
Nitroglycerin (Nitrolingual®)
O.C.T.™ compound

Phosphate buffered saline
Pre-stained Protein Ladder (BenchMark™)
Protease Inhibitor for General Use
Protein Ladder (BenchMark™)

Streptozotocin

NEN

Promega
BioRad
BioRad
Biomol
Calbiochem
Sigma
Molecular Probes
Roche

WAKO

Sigma

Vector Labs
Pohl-Boskamp
SAKURA
Gibco
Invitrogen
Sigma
Invitrogen

Sigma

All other chemicals were of highest purity grade purchased from either Sigma, Merck or

Alexis.

2.1.2 Kits and Assay Solutions

BioRad Protein Assay Standard 11

BioRad Protein Assay

cAMP enzymeimmunoassay (EIA)

cGMP enzymeimmunoassay (EIA)

ECL™ Western Blotting Detecting Reagents

BioRad
BioRad
Amersham
Amersham

Amersham



Material and Methods

21

2.1.3 Antibodies

Alexa Fluor 594 labeled goat anti-mouse antibody
Anti-mouse IgG, horseradish peroxidase labeled
Anti-rabbit IgG, horseradish peroxidase labeled
Anti-sheep IgG, horseradish peroxidase labelled

For a list of primary antibodies see Table 2.1.

2.1.4 Consumables

Autoradiography films (Biomax MR)
Cryotube™ vials (2 ml)
Haemo-Glukotest 20-800R test strips
Microcon® YM-30 filter device
Microscope slides (SuperFrost®Plus)
Nitrocellulose membrane (Protran®)

Serum clotting tubes (7.5ml) (S-monovette®)

2.1.5 Instruments

Amplifier (Mac-Lab/8°)

Blotting apparatus (Mini-Trans-Blot transfer cell)
Camera (Retiga 1300)

Centrifuge (R5810)

Cryostat (Frigocut 2800)

Electrophoresis apparatus (Mini-PROTEAN 3)
EPR Spectrometer (MiniScope 200)

Film processor (Curix 60)

Lumat LB 9507

Microscope (Leica DML )

Modular Automatic Analyzer

Power supply (PowerPac 3000)

Reflolux® S glucose monitoring system
Scanner (Epson GT-9600)

Scintillation counter Packard 1900

Molecular Probes
Vector
Vector

Upstate

Kodak

Nunc

Roche

Millipore
Menzel-Gliser
Schleicher&Schuell
Sarstedt

ADSystems
BioRad
QImaging
Eppendorf
Reichert-Jung
BioRad
Magnettech
Agfa
Berthold
Leica
Roche
BioRad
Roche
Biometra

Packard
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Spectrophotometer for 96-well plates (MRX TC Revelation) Dynex Technology
Spectrophotometer for cuvettes (DU-640) Beckmann
Thermomixer comfort Eppendorf
Ultracentrifuge (Discovery M120) Sorvall

2.1.6 Software

Chart 4.0 ADSystems
IPLab 3.6 Scananalytics
ScanPack 3.0 Biometra
SimgaStat 1.0 Jandel Scientific
2.2 Methods

2.21 Animals

The present study was performed in accordance with the guidelines for animal experimentation
at the University Hospital Eppendorf, Hamburg, Germany.

Male Wistar rats (Charles River, Sulzfeld, Germany), 8 weeks of age and weighing 250-300 g
were anesthetized with diethyl ether. The rats were placed on their sides and the tails were
briefly inserted into warm water to dilate the vein. A single dose of STZ (70 mg/kg body
weight) in 0.1 M citrate buffer was injected into the tail vein in a total volume of 0.5 ml. The
animals were allowed to recover and received a standard chow and water ad libitum. 24 h after
STZ injection and at the time of sacrifice, blood glucose levels were monitored with a
Reflolux® S meter using Haemo-Glukotest 20-800R test strips (Roche, Mannheim, Germany).
Animals were divided into two groups: one group of animals was sacrificed 2 weeks after STZ
injection and the other group 8 weeks after STZ injection. These groups are hereafter referred

to as the ‘2 week treatment group’ and the ‘8 week treatment group’, respectively.

Citrate buffer: 0.1M Citric acid (A)
0.1M Trisodium citrate (B)
add solution A to solution B until pH is 4.5
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2.2.2 Tissue preparation

Animals were sacrificed between 7 and 9 a.m. by an overdose of diethyl ether. Body weights
were recorded. Each animal was cut open longitudinally from the abdomen to the thorax,
cutting through the ribcage on either side. Blood was rapidly drawn into a 10 ml syringe by
cardiac puncture and transferred into serum clotting tubes. Blood glucose levels were
determined. To prevent blood clotting, heparin (1000 I.U in 1 ml saline) was injected into the
heart after blood withdrawal. After resection of the lung and heart, the aorta was excised in one
piece, dissecting from the bifurcation of the common iliac arteries to the end of the aortic arch.
Care was taken not to exert tension on the aorta, which was immediately placed into a tube
containing ice cold Krebs-HEPES buffer. The heart was removed into a tube containing the
same buffer.

The tissue and blood was swiftly transported to the laboratory where the aortas were trimmed
of adhering fat and connective tissue while being kept moist with ice cold Krebs-HEPES
solution. The aortas were divided into the thoracic and abdominal sections by cutting near the
coeliac axis. In order to ensure an undamaged and intact endothelial layer, care was taken not to
exert unnecessary pressure or tension on the tissue. The aortas were carefully flushed free of
residual blood, cut into rings of various sizes and were either stored on ice until further analysis
or shock-frozen in liquid nitrogen and stored at -80 °C. For some experiments it was necessary
to remove the endothelium and this was achieved by repeatedly turning the aortic rings over
curved forceps.

Tubes containing blood samples were centrifuged at 2000g for 10 min at 4 °C. Aliquots of

serum were transferred into cryotubes, shock-frozen in liquid nitrogen and stored at -80 °C for

further analysis.
Krebs-HEPES buffer: 99 mM NaCl
4.69 mM KCI
2.5 mM CaCl,
1.2 MgSO,

25 mM NaHCOj3
1.03 mM K>HPO,
20 mM HEPES
11.1 mM Glucose
pH 7.35
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2.2.3 Isometric tension studies

From the trimmed aorta (see section 2.2.2) rings of equal size (0.5cm) were cut with a scalpel.
Each ring was mounted on a pair of stainless steel hooks. The hooks were used to mount the
ring in the organ chamber by fixing the lower hook to a support while the upper hook was
connected by a wire thread to a force transducer which continuously recorded the contractile
tension of the ring. The mounted ring was surrounded by an all-glass chamber filled with Krebs
buffer. To prevent the formation of prostaglandins, 10 uM indomethacin was added to the
buffer. The buffer was constantly aerated with a gas mixture consisting of 95 % O,, 5 % CO,,
The overflow side-arm on each chamber set the volume of buffer in the chamber at 25 ml. The
chamber was also connected to a reservoir and pump for washing purposes. The buffer was
maintained at 37 °C by a circulating water bath that pumped water through the outer jackets of
the glass chambers. Any change in isometric tension of the rings was transmitted via the
transducer to an amplifier (Mac-Lab/8e) and was digitally converted to a signal that could be
registered on a computer. Signals were analysed using the Chart 4.0 software (ADSystems,
Chalgrove, UK).

The initial mounting tension of each ring was set at 0.4 g. Over the next 30-60 min, the tension
was progressively increased to an optimal resting tension of 3 g. Next, the maximum tension of
the rings was determined with a KCl dose-response curve obtained by the cumulative addition
of KCI to give final concentrations of (mM) 5, 10, 20, 40 and 80. The resulting maximum
tension was set as 100 % and KCl was washed out. It was then necessary to produce a steady
level of contraction of the rings before adding the relaxing agent. This was done by the addition
of 1 mM phenylephrine, a dose that caused 30-50 % constriction with respect to the maximal
contraction achieved with KCL.

After preconstricting with phenylephrine, the endothelium-dependent relaxation of the rings
was determined by the cumulative addition of ACh to the chambers in steps of 0.5 log units to
give final concentrations of 10” to 10°° M. To test the endothelium-independent relaxation,
either nitroglycerin (NTG) or sodium nitroprusside (SNP) was cumulatively added to the
chambers in steps of 0.5 log units from 10” to 10*° M and 10 M, respectively. Finally, the
vasodilation obtained with each dose of relaxing agent was expressed as percent of the
maximum response to phenylephrine.

To determine the response of aortic rings to vasoconstrictors we used dose-response curves for
KClI (see above) and phenylephrine (from 10° to 10° M). Vasoconstrictor responses were

expressed as the change in g tension recorded.
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Krebs buffer: 118.3 mM NaCl
4.69 mM KCL
1.87 mM CaCl,
1.2 mM MgSO;
1.03 mM K>HPO,
25.0 mM NaHCO3
11. I mM Glucose
pH 7.4

2.2.4 Determination of angiotensin converting enzyme (ACE) activity in serum

ACE activity was determined by the Department of Clinical Chemistry at the University
Hospital Eppendorf. The assay is based on the hydrolysis of the substrate FAPGG (N-[3-(2-
furyl)acryloyl]-L-phenylalanyl-glycylglycine) by ACE present in the serum sample, resulting in
a decrease in the absorbance at 340 nm which is detected spectrophotometrically by a Modular

Analyzer (Roche, Mannheim, Germany).

2.2.5 Protein measurements according to the method of Bradford

Protein measurements were performed with the BioRad Protein Asssay (BioRad, Munich,
Germany) based on the Bradford method [72]. Protein samples of unknown concentration
(5 pl) were added to 795 pl of dH>O in a clean test tube. A standard curve was prepared from a
bovine albumin stock (0.1 mg/ml) (BioRad Protein Standard) to give final concentrations of
(ug/ml) 0, 0.5, 1, 2, 4, 6, 8, and 10. To each standard, 5 pl of solvent, used in the preparation of
the unknown samples was added. Finally, 200 pl of Dye Reagent Concentrate was added to
each tube to give a final volume of 1 ml. All samples were mixed, allowed to stand for 10 min
and the optical density at 595 nm was measured in a spectrophotometer DU-640 (Beckmann,

Krefeld, Germany). Unknown protein concentrations were calculated from the standard curve.

2.2.6 sGC activity of aortic homogenates

Shock-frozen aortic segments were homogenised in liquid nitrogen using a mortar and pestle,
resuspended in lysis buffer (250 mg homogenate in 1 ml buffer, 10 mM TrisHCI, pH 7.8,
0.25 M sucrose, 5 mM MgCl,, 200 uM EGTA, 1 mM dithiothreitol (DTT), 2 mM benzamidine
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and 10 pg/ml leupeptin) and cleared by centrifugation at 13,000g for 30 min. GC activity was
assessed on the basis of the formation of [*’PJcGMP. 10 pg protein extract was incubated at
37°C for 10 min in buffer containing 15 mM TrisHCI, pH 7.4, 3 mM MgCl,, 1.5 mg/ml
creatine phosphate, 0.1 mg/ml creatine phosphokinase, 0.9 mg/ml glutathione, 0.5 mM
isobutylmethylxanthine (IBMX), 1 uM SOD, 0.5 mM DTPA, 0.03 mM L-NNA, 0.1 mM GTP
and 0.1 mM cGMP. In some cases, 100 uM SNP was added for maximal stimulation of NO-
sensitive sGC. Reactions were started by the addition of [a->?P]GTP (0.1 pCi). The reaction
was stopped by adding 0.4 ml zinc acetate (120 mM) and 0.5 ml sodium carbonate (125 mM)
and the sample was centrifuged at 10,000g for 10 min. Supernatant (800 pl) was loaded onto
aluminium oxide chromatography columns (ICN, Eschwege, Germany) and prewashed with
100 M perchloric acid. The columns were flushed twice with 5 ml of water and [**P]cGMP was
eluted with 5 ml 0.5 M TrisHCI, pH 8. The radioactivity was determined in a scintillation-

counter. Specific sGC activity was expressed as nmol cGMP formed per min per mg protein.

2.2.7 cGMP/cAMP enzymeimmunoassay (EIA) of aortic tissue

The cGMP and cAMP content of aorta was determined using the respective Biotrak EIA kit
(Amersham Pharmacia, Freiburg, Germany). Aortic segments (0.5 cm) were preincubated in
Krebs-Hepes buffer (see section 2.2.2) at 37 °C for 20 min in the presence of 0.5 mM IBMX, a
phosphodiesterase inhibitor. To stimulate the production of cyclic nucleotides, ACh (40 nM) or
SNP (100 nM) was added for 5 min followed by immediate shock-freezing of the tissue in
liquid nitrogen. Frozen tissue was pulverized in liquid nitrogen using a mortar and pestle and
resuspended in assay buffer (supplied in the kit) containing 0.1 mM IBMX. The samples were
left on ice for 30 min with occasional mixing, followed by centrifugation at 10.000g for
10 min. The supernatant was removed and the protein content determined by the method of
Bradford (see section 2.2.5). Each same sample was used for the determination of both cGMP
and cAMP.

Each EIA was performed according to the instructions supplied by the manufacturer. Briefly,
2 ng protein (for cGMP determination) and 5 ug protein (for cAMP determination) was diluted
in 1 ml of Assay Buffer and samples were acetylated with a solution consisting of 1 volume
acetic anhydride and 2 volumes triethylamine. 100 pl of antiserum (rabbit anti-cGMP or
cAMP) was added to a 96 well plate pre-coated with donkey anti-rabbit IgG. 50 ul of either
sample or standard (known amount of cGMP or cAMP) was added to each well and the plate
was incubated at 4 °C for 2 hours. After the addition of 100 pl of cGMP- (cAMP) peroxidase
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conjugate to all wells, the plate was incubated for a further 1 hour at 4 °C. All wells were
washed thoroughly, the TMB enzyme substrate was added and the plate was incubated for
30 min at room temperature. The reaction was stopped by the addition of 100 pl sulphuric acid
(1 M) and the optical density was read at 450 nm in a spectrophotometer (MRX TC Revelation,
Dynex Technology, Germany). The amount of cGMP or cAMP was calculated from a standard

curve generated from known amounts of cyclic nucleotide.

2.2.8 Cryosectioning of aortic rings

Aortic rings (0.5 cm) were placed upright into a small cup formed out of aluminium foil
containing O.C.T."™ compound. The cup containing the ring was carefully immersed into a
pentane-containing beaker submerged in liquid nitrogen which resulted in the rapid freezing of
the tissue. Frozen, 0.C.T.™.embedded tissue was stored at -80 °C until further use.
Cryosections were cut with a cryostat (Frigocut 2800, Reichert-Jung, Bensheim, Germany) at
-25 °C at a thickness of 6 um and were transferred onto SuperFrost®Plus microscope slides
(Menzel-Glaser, Germany). These slides were either used directly or were stored for up to

2 weeks at -80 °C.

2.2.9 Oxidative fluorescent microtopography

Enzymatically intact cryosections (see section 2.2.8) were incubated with the superoxide-
sensitive fluorescent dye dihydroethidium (DHE) (1 uM) and incubated for 30 min at 37 °C in
a humidity chamber. The reaction was stopped by placing the slides at 4 °C for 30 min. Slides
were coverslipped and kept in the dark until the fluorescence (absorbance: 518 nm, emission:
605 nm) was detected using a Leica DML microscope equipped with a Retiga 1300 camera
(QImaging, Burnaby, Canada) and images were recorded using the IPLab 3.6 software
(Scananalytics ,Virginia, USA) .

DHE stock: 1 mM in DMSO
DHE working solution: 1 uM in phosphate buffered saline (PBS)
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2.210 Immunofluorescent histochemistry

Cryosections (see section 2.2.8) were fixed in ice cold acetone at -20 °C for 10 min. Sections
were allowed to air-dry and were then rehydrated in PBS for 10 min. To block non-specific
binding, slides were incubated for 2 hours at room temperature with PBS containing 0.1 %
Triton/10 % goat serum (Sigma, Taufkirchen, Germany). This was followed by an incubation
with an anti-eNOS antibody (Transduction, Lexington, KY, USA) diluted in PBS/5 % goat
serum to a final concentration of 5 pug/ml, overnight at 4 °C in a humidity chamber. Sections
were washed extensively and probed with the fluorescently labeled goat anti-mouse antibody
Alexa Fluor 594 (Molecular Probes, Karlsruhe, Germany) for 1 hour at room temperature.
After a final washing step, slides were mounted in Vectashield (Vector Laboratories,
Peterborough, UK). Fluorescence (absorbance: 585 nm, emission: 610 nm) was detected
through a 20x oil objective with a Leica DML microscope equipped with a Retiga 1300 camera
(QImaging, Burnaby, Canada) and images were recorded using the IPLab 3.6 software
(Scananalytics, Virginia, USA).

PBS: 137 mM NaCl
2.7mM KCI
8.3 mM Na>HPO,
1.47 mM KH>PO,
pH 74

2.211 SDS-polyacrylamide gel electrophoresis (PAGE) and Western blot

analysis

Aortic rings (1 cm) were preincubated at 37 °C for 10 min in Krebs-HEPES (see section 2.2.2)
buffer containing the protease inhibitors 10 pg/ml aprotinin, 7 pg/ml pepstatin and 5 pg/ml
leupeptin. Tissue was then shock-frozen in liquid nitrogen and homogenized with a mortar and
pestle. The powder was resuspended in homogenization buffer containing 1 % Triton-X100
(v/v), 10 pg/ml aprotinin, 5 pg/ml leupeptin, 7 pg/ml pepstatin, 1 uM cantharidin and 0.5 mM
PMSF and samples were allowed to stand on ice for 1 hour at room temperature with
occasional mixing. Samples were cleared by centrifugation at 10.000g for 10 min at 4 °C. The
supernatant was removed and its protein content determined by the method of Bradford (see
section 2.2.5). Laemmli Sample Buffer (3x) was added to the supernatant (1:2), the sample was
denatured for 5 min at 95 °C and stored at -20 °C until further use.
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SDS-PAGE was performed using the Mini-PROTEAN 3 electrophoresis cell (BioRad). Cast
gels consisted of 10 % or 12 % running and 4 % stacking parts. An equal amount of protein
(usually 10-20 pg) was loaded onto each lane. A BenchMark™ Protein Ladder (ranging from
10-220 kDa) (Invitrogen, Karlsruhe, Germany) as well as a BenchMark™ Pre-Stained Protein
Ladder (ranging from 10-200 kDa) (Invitrogen, Karlsruhe, Germany) was run on each gel. Gels
were run in running buffer at 80-150V until the proteins of interest had separated sufficiently,
usually 1.5 h. The gel was removed from the electrophoresis assembly and proteins were
transferred from the gel to a Protran® nitrocellulose membrane (Schleicher&Schuell, Dassel,
Germany) using the Mini-Trans-Blot transfer cell (BioRad). Blotting was performed at 4 °C in
Blotting buffer at a constant current of 200 mA for 1-2 hours, depending on the size of the
proteins of interest.

After the protein transfer was complete, the membrane was cut horizontally into segments, each
segment containing one protein of interest. Non-specific binding sites of all segments were
blocked overnight at 4 °C (see Table 2.1. for blocking reagents used). The next morning, each
membrane segment was incubated with the antibody against the protein of interest (primary
antibody)(see Table 2.1.) for 2 hours at room temperature, with gentle shaking. An antibody
against a-actinin was used to verify equal protein loading. Membranes were washed 3 times for
15 min followed by incubation with a horseradish peroxidase-labeled secondary antibody (see
Table 2.1.) for 1 hour at room temperature. Again, membranes were washed extensively and
then covered for 1 min with ECL™ Western Blotting Detecting Reagent (Amersham
Biosciences, Freiburg, Germany) with a final volume of 0.125 ml/cm® membrane. After
allowing excess fluid to drain off, membranes were covered with sandwich wrap and
immediately exposed to autoradiography films (Biomax MR, Kodak, New York, USA) which
were developed in a Curix 60 film processor (Agfa, Morstel, Belgium). Bands were scanned
with an Epson GT-9600 scanner (Biometra, Munich, Germany) and densitometrically
quantified using the ScanPack 3.0 software (Biometra, Munich, Germany).

The nox4 antibody was kindly provided by John F. Keaney Jr (Boston University, MA, USA).
It was produced by immunizing rabbits with a synthetic peptide corresponding to residues 140-
153 of human nox4 and the antibody was affinity purified. Immunoblotting yielded a band of
~70 kDa that was not present when the antibody was pretreated with competing peptide
(ELNAARYRDEDPRK).
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Table 2.1. Antibodies and washing buffers used for Western blotting analysis. Membranes
were blocked overnight in blocking buffer and blocking reagent as shown. The number shown
in brackets corresponds to the concentration of blocking reagent used for the dilution of
primary and secondary antibodies. HO-1: hemoxygenase-1; HRP: horseradish peroxidase; HG:
hemoglobin; *: kind gift from John F. Keaney Jr, Boston, USA.

Secondary Washing/
Primary Blocking
Company | Concentration | antibody/ | Concentration Blocking
antibody/Antigen reagent
HRP labeled buffer
a-actinin Sigma 1:5000 rabbit 1:10 000 TBST 1% HG
) 5% (3%)
eNOS Transduction 1:1000 mouse 1:10 000 TBST
BSA
5% (3%)
HO-1 Stressgen 0.2 pg/ml mouse 1:10 000 TBST
BSA
5% (3%)
nox1 Santa Cruz 1:100 goat 1:10 000 TBST
BSA
) 5% (3%)
nox4 * 1:1000 rabbit 1:10 000 TBST
BSA
" ) 5% (3%)
p67"* Transduction 1:500 mouse 1:10 000 TBST
BSA
P-VASP (16C2) | Calbiochem 1.5 ng/ml mouse 1:10 000 PBSTT 1% HG
5% (3%)
sGC Calbiochem 1:2000 rabbit 1:10 000 TBST
BSA
5% (3%)
SOD Upstate 1 pg/ml sheep 1:2000 PBSTT
milk
Homogenization buffer: 20 mM Tris-HCL
250 mM Sucrose
3 mM EGTA
20 mM EDTA

pH7.)5
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3x Laemmli Sample Buffer:

4 % Stacking gel:

10% (12%) Running gel:

Running buffer:

Blotting buffer:

add:

125 ul IM Tris-HCI (pH 6.8)

500 ul SDS (20 %)(w/v)

300 ul Glycerol

10 ul Bromophenol Blue (0.25 %) (w/v)
50 ul 14.3 M 2-Mercaptoethanol

make up to 1 ml with dH,0O

1.2ml 0.5 M Tris-HCI (pH 6.8)

0.5 ml Acrylamide/bis solution (40 %)
50 ul SDS (10 %) (w/v)

50 ul Ammonium persulfate (10 %) (w/v)
5 ul TEMED

make up to 5 ml with dH,O

2.5@2.5)ml 1.5 M Tris-HCI (pH 8.8)

2.5 (3) ml Acrylamide/bis Solution (40%)

100 (100) ul SDS (10 %) (w/v)

100 (100) ul Ammonium persulfate (10 %) (w/v)
10 (10) ul TEMED

make up to 10 ml with dH,O

25 mM Tris-HCI
192 mM Glycine
0.1 % SDS (w/)

25 mM Tris-HCI
192 mM Glycine
make up to 800 ml with dH,0
200 ml Methanol
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PBSTT: 150 mM NaCl
16 mM Na;HPO,
4 mM NaH>PO,
add: 0.3 % Triton- X100 (v/v)

0.05 % Tween-20 (v/v)

TBST: 20 mM Tris-HCI
137 mM NaCl
pH7.6

add: 0.1 % Tween-20 (v/v)

2.212 Chemiluminescent (CL) detection of ROS with lucigenin, coelenterazine
and L-012

Aortic segments (0.3 cm) were incubated in Krebs-HEPES buffer (see section 2.2.2) for 30 min
either in the presence or absence of 1 mM L-NNA. In some cases segments were preincubated
at 37 °C for 25 min after which ACh (1 pM) was added for 5 min. Segments were carefully
removed from the incubation vial and transferred into a tube containing 250 pl of either L-012
(100 uM), coelenterazine (5 uM) or lucigenin (5 uM) in Krebs-HEPES buffer. The CL was
immediately determined in a Lumat LB 9507 (Berthold, Bad Wildbad, Germany). Counts were
recorded every 30 secs over a time period of 15 min (for L-012 and coelenterazine) and every
I min over a time period of 10 min for lucigenin. After measurements were completed, the
aortic segments were removed from the tube and allowed to air-dry. The dry weight of the
segments was determined and results expressed as either relative light units (RLU)/min/mg dry

weight or as % of control.

2.213 Measurement of NADPH-dependent oxidase(s) activity in membrane

fractions of heart and aorta

Tissue was homogenized (glass/glass) in homogenization buffer containing 50 mM Tris-
HCI, pH 7.4, 10 mM dithiothreitol (DTT) and a Protease Inhibitor Cocktail for General Use
and centrifuged at 2000g for 5 min at room temperature. The supernatant was removed and

centrifuged at 20,000g for 20 min at 4 °C. Again the supernatant was removed and
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centrifuged at 100,000g for 60 min at 4 °C. When preparing membrane fractions from aorta,
the centrifugation step at 2000g was omitted whereby the 100,000g step yielded the
particulate fraction. The pellet was resuspended in homogenization buffer and further
diluted in PBS to give a final protein concentration of 0.5 mg/ml for aortic suspensions and
0.7 mg/ml for heart suspensions and a final DTT concentration of 200 uM. The lucigenin
(5 uM)-derived CL of the membrane suspensions was detected in a Lumat LB 9507
(Berthold, Bad Wildbad, Germany) in the presence of 200 pM NADPH. In some cases,
rotenone (10 uM), diphenyleneiodonium (DPI) (10 uM), hypoxanthine (1 mM), or NADH
(200 uM) was added to the samples. Omitting DTT from the sample had no effect on the

lucigenin-derived CL.

2.214 Measurement of vascular ‘'NO by electronparamagnetic resonance
(EPR) spin trapping

Segments of abdominal rat aorta (10 mm) were incubated at 37 °C for 1 h min in 24-well
plates in 1 ml Krebs-HEPES buffer (see section 2.2.2). The buffer was exchanged 4x with fresh
pre-warmed buffer. The last exchange was done with 750 pl buffer instead of 1ml and either
ACh (1 uM) or calcium ionophore A23187 (10 uM) was added in a total volume of 10 ul. This
was followed by immediate addition of 250 pl of a colloidal iron diethyldithiocarbamate
(Fe"(DETC),) stock solution (see below). The samples were incubated for 1 h at 37 °C,
removed from the solution and transferred with forceps into a 1 ml syringe filled with Krebs-
HEPES buffer. The transfer was facilitated by removing the tip of the syringe with a scalpel.
The syringe was carefully immersed into liquid nitrogen where it was stored until further use.
On the day of the EPR studies, syringes containing tissue samples were removed from the
liquid nitrogen and the frozen sample/buffer pellet was carefully ejected into a Dewar flask
(Wilmad, Buena, NJ, USA) filled with liquid nitrogen which was immediately inserted into a
table top x-band spectrometer Miniscope S200 (Magnettech, Berlin, Germany). Recordings
were made at 77 K and the instrument was set at 10 mW microwave power, 1 mT amplitude
modulation, 100 kHz modulation frequency, 60 seconds sweep time and 10 scans. After
analysis, samples were allowed to thaw and the area of the tissue was determined.

For quantification of the NO-Fe(DETC), formed in the samples, freshly prepared solution
containing known amounts of mononitrosyl-iron-N-methyl-D-glucamine dithiocarbamate were

used. Results are expressed as pmol "NO formed per min per cm’.
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Preparation of the Fe'-(DETC), stock solution: Two separate tubes each containing 10 ml of
Krebs-HEPES buffer, placed on ice were deoxygenated for 30 min under a flow of nitrogen
gas. 3.6 mg Na-DETC was added to one tube and 2.24 mg FeSO4.7H,O to the other.
Immediately after both substances were dissolved (about 30 secs) the two solutions were
poured together and carefully aspirated (without air bubbles) into an Eppendorf combitip. The
formed 400 pM Fe'-(DETC), colloid stock solution was used immediately.

2.2.15 DAN assay for the detection of nitrite (NO;’) and nitrate (NO3’) in serum

Frozen serum samples were thawed on ice and centrifuged through a Microcon® YM-30 filter
device (Millipore) to remove traces of hemoglobin. To determine serum NO; levels, a standard
curve was prepared from KNO; in PBS, in the range of 0-10 uM. Serum samples were diluted
1:1 with PBS and 200 pl of standard/sample was mixed with 20 pl of DAN (2,3-
diaminonaphthaline) reagent and incubated on a shaker for 30 min at room temperature. To
determine both NO, and NOs levels, samples were diluted 1:8 in PBS. Nitrate reductase
(0.2U), FAD (5 uM) and NADPH (45 uM) were added to 200 pl of diluted sample and
incubated at 37 °C for 30 min. Both samples and standards were incubated with 20 pul of DAN
reagent on a shaker for 30 min at room temperature. All reactions were stopped by the addition
of 20 ul 3 N NaOH. The fluorescence was detected on a fluorescence plate reader (Twinkle LB
970, Berthold, Bad Wildbad, Germany) using an excitation and emission wavelength of

360 nm and 430 nm, respectively.

DAN stock: 32 mM in DMSO
DAN reagent: dilute DAN stock 1:100in 1 N HCI

2.216 Statistical analysis

Results are expressed as mean+SEM. Data were analyzed using a one-way ANOVA or an
unpaired Student’s t-test, as appropriate. The EC5() values for the isometric tension
experiments were obtained by logit-transformation. A Scheffe’s post-hoc test was used to
examine differences between groups when significance was indicated. P values < 0.05 were

considered significant.
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3 Results

3.1 Blood glucose levels and body weights

In order to verify a diabetic state in STZ-treated rats, blood glucose levels and body weights
were assessed. All rats having received STZ had blood glucose levels >400 mg/dl 24h after
injection and >500 mg/dl at the time of sacrifice. This was significantly higher than the blood
glucose levels of control animals at the time of sacrifice (170+£3.8 mg/dl). Furthermore, the
body weights of the diabetic animals were significantly lower compared to the control group
(Table 3.1). Because the blood glucose levels of the diabetic animals at the time of sacrifice
were outside the detection limit of the instrument, whole blood was in some cases immediately
diluted with saline and measured. After correcting for the dilution, these values were
consistently found to be between 600 and 700 mg/dl. The diabetic animals were also
characterized by polyuria.

Table 3.1. Animal body weights and blood glucose levels. Data are expressed as the mean +

SEM, *p<0.05 compared to controls within same treatment group.

2 weeks 8 weeks
body weight (g) | blood glucose (mg/dl) | body weight (g) | blood glucose (mg/dl)
Control
386.2+5.5 1779+44 4986+ 7.6 170.0 +3.8
(n=25)
Diabetes
250.0+7.3" >500 * 2556+7.8 " >500 *
(n=25)

3.2 Isometric tension studies

This bioassay is used to determine the vasodilatory responses of aortic tissue to physiological
and pharmacological substances. To test vessel responses, we used ACh as an endothelium-
dependent vasodilator and NTG and SNP as an endothelium-independent vasodilator.
Furthermore, we tested the response of aortic rings to the vasoconstrictors phenylephrine (Phe)

and KCIl.
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3.21 Vasoreactivity in response to ACh, NTG and SNP

In control aortic rings of the 2 week treatment group, ACh elicited half maximal vasorelaxation
(ECsp) at (-logM) 7.28+0.05 and maximal relaxation (85.27+3.07 %) at (-logM) 5.5 (Fig. 3.1.).
In the diabetic animals, the ACh-induced ECsg ((-logM) 7.26+0.05) was not different to that of
controls, however the efficacy was significantly increased in the diabetic animals compared to
controls (controls: 85.27+3.07 %, diabetes: 92.39+1.31 %; p<0.05). In control animals of the
8 week treatment group, ACh induced half maximal vasorelaxation at (-logM) 7.54+0.04.
However, in the diabetic animals of this group, the ECsy was markedly shifted to the right
(-logM) 7.14+0.05, p<0.05 compared to controls, and the efficacy (87.14+1.77 %) also
decreased significantly compared to that of controls (93.27+0.94 %, p<0.05) (Fig. 3.1.).

When the endothelium was removed from the aortic rings, no relaxation was observed in the
any of the groups, showing that the vasodilatory effect of ACh is entirely endothelium-
dependent (Fig. 3.2.).
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Fig. 3.1. Effect of the endothelium-dependent vasodilator acetylcholine (ACh) on the
relaxtion of aortic rings of 2 and 8 week control and diabetic animals. Data are expressed
as the mean + SEM of 14 animals (2 week treatment group) and 30 animals (8 week treatment

group), * p<0.05 compared to controls.
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Fig. 3.2. Effect of the endothelium-dependent vasodilator acetylcholine (ACh) on the
relaxtion of endothelium-denuded aortic rings of 2 and 8 week control and diabetic

animals. Data are expressed as the mean + SEM of 6 animals per group.

In response to NTG, the control animals of the 2 week treatment group relaxed half maximally
at (-logM) 7.49+0.07 with an efficacy of 99.02+0.20 % (Fig. 3.3.). However, in the diabetic
animals of this group, half maximal relaxation was significantly enhanced (-logM) 7.74+0.03
compared to controls while the efficacy in these animals (99.62+0.15 %) was not different to
that of controls. In the control animals of the 8 week treatment group, NTG elicited half
maximal relaxation at (-logM) 7.73+0.03; however, in the diabetic animals of this group, there
was a significant shift to the right of the NTG-induced relaxation curve (ECsp: (-logM)
7.480.03), pointing towards a possible defect in the ability of SMC to relax (Fig. 3.3). Similar
to the 2 week treatment group, we observed no change in the efficacy of NTG in the 8 week

treatment group (control: 99.80+0.13 %, diabetes: 99.29+0.24 %).
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When the endothelium was removed from the aortic rings, the control animals of the 2 week
treatment group relaxed half maximally at (-logM) 7.514£0.06 and this did not differ
significantly from the ECsy of the diabetic animals ((-logM) 7.58+0.06) (Fig. 3.4.). No

differences where observed in the efficacy between control and diabetic animals (controls:

99.75+0.24 %, diabetes: 98.99+0.23 %). In the control animals of the 8 week treatment group,

endothelium-denudation resulted in NTG-induced half maximal relaxation at (-logM)

7.64+0.05 and this did not differ significantly from that of the diabetic animals (-logM)

7.57+0.06) (Fig. 3.4.). However, at NTG concentrations of 10 to 10°° M, we observed a

significant rightward shift of the NTG-induced relaxation curve in the diabetic animals

compared to controls.
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Fig. 3.3. Effect of the endothelium-independent vasodilator nitroglycerin (NTG) on the

relaxtion of aortic rings of 2 and 8 week control and diabetic animals. Data are expressed

as the mean = SEM of 14-16 animals per group, ECs * p<0.05 compared to controls.
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Fig. 3.4. Effect of the endothelium-independent vasodilator nitroglycerin (NTG) on the
relaxtion of endothelium-denuded aortic rings of 2 and 8 week control and diabetic

animals. Data are expressed as the mean = SEM of 6 animals (2 week treatment group) and 20

animals (8 week treatment goup).

In the 2 week treatment group, the "NO donor SNP elicited half maximal relaxation to a similar
extent in both the control ((-logM) 8.15+0.01) and diabetic ((-logM) 8.11+0.01) animals (Fig.
3.5.) and there was no difference in the efficacy (control: 100 %, diabetes 100 %). However, in
the control animals of the 8 week treatment group, SNP induced half maximal relaxation at
(-logM) 8.52+0.057 and this was slightly but significantly shifted to the right in the diabetic
animals ((-logM) 8.34+0.036) (Fig. 3.5.). Again, there was no difference in the efficacy of SNP
in this group (control: 100 %, diabetes 100 %) (Fig. 3.5.).
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Fig. 3.5. Effect of the endothelium-independent vasodilator sodium nitroprusside (SNP)
on the relaxtion of aortic rings of 2 and 8 week control and diabetic animals. Data are

expressed as the mean = SEM of 8-10 animals per group, ECs * p<0.05 compared to controls.

3.2.2 Vasoreactivity in response to KCl and phenylephrine

In order to test the receptor-independent vasocontractile capability of aortic rings, we
established the dose response curve to KCI. In aortic rings of control animals of the 2 week
treatment group, KCI elicited half maximal contraction at 29.63 mM (logECso: 1.472+0.015)
with an efficacy of 5.39+0.21 g. In the diabetic animals of this group, the half maximal
response was significantly reduced (33.32 mM) (logECsp: 1.523+0.014, p<0.05 vs control), as
was the efficacy (4.26+0.18 g, p<0.05 vs control) (Fig. 3.6.). In the control animals of the
8 week treatment group, half maximal contraction was similar to that of the 2 week treatment
group (29.49 mM (logECsy: 1.470+0.035)) as was the efficacy: 5.08+0.16 g. However, the
diabetic animals of this group showed a marked reduction in half maximal contraction
compared to controls (36.07 mM (logECsy: 1.56+0.023), p<0.05) while the efficacy was also
significantly attenuated (3.66+0.2 g, p<0.05 vs controls). Furthermore, the efficacy of the

diabetic animals of the 8 week treatment group was significantly reduced compared to that of
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the diabetic animals of the 2 week treatment group (2 weeks: 4.26+0.18 g, 8 weeks: 3.66+0.2 g,
p<0.05) (Fig. 3.6.).

When the endothelium was removed from the aortic rings, the control animals of the 2 week
treatment group showed a half maximal contraction at 14.87 mM (logECsy: 1.173+£0.031)
which was not significantly different from that of the diabetic animals of this group (17.32 mM
(logECso: 1.238+0.0189)) (Fig. 3.7.) Furthermore, there was no difference in the efficacy of
KCI between control (5.32+0.49 g) and diabetic (4.70+2.7 g) animals. However, in the diabetic
animals of the 8 week treatment group, endothelium denudation caused a further decrease in
vasoconstrictor response to KCl as compared to the already reduced vasoconstriction observed
with intact endothelium (Fig. 3.7.) (half maximal response: control: 18.61 mM (logECso:
1.27+0.031), diabetes: 22.73 mM (logECso: 1.357+0.026), p<0.05; efficacy: control: 7.12+0.32 g,
diabetes: 4.414+0.43 g, p<0.05).
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Fig. 3.6. Effect of KCl on the vasoconstriction of aortic rings of 2 and 8 week control and
diabetic animals. Data are expressed as the mean + SEM of 38 animals per group, * p<0.05

compared to controls.
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Fig. 3.7. Effect of KCl on the constriction of endothelium-denuded aortic rings of 2 and 8
week control and diabetic animals. Data are expressed as the mean + SEM of 8§ animals per

group, * p<0.05 compared to controls.

In order to assess the a;-adrenergic receptor stimulated vasoconstrictor response, we used Phe.
In control aortic rings of the 2 week treatment group, Phe elicited half maximal
vasoconstriction at (-logM) 6.98+0.04, with an efficacy of 4.29+0.27 g (Fig. 3.8.). These
responses were not different from those of the diabetic animals of this group (ECsy: (-logM)
7.07+£0.03) and efficacy: 4.19+0.16 g. In the control animals of the 8 week treatment group, we
observed Phe-induced half maximal contraction at (-logM) 6.83+0.06 with an efficacy of
3.58+0.35 g. In the diabetic animals of this group, the half maximal contraction was shifted
slightly but not significantly to the left (ECso: (-logM) 7.03+0.04) compared to controls, which
may point towards a tendency of increased hypersensitivity of the SMC to contracting stimuli.
The efficacy of Phe in the diabetic animals of this group (3.66+£0.1 g) was similar to that of
controls (3.58+0.35 g) (Fig. 3.8.).
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Fig. 3.8. Effect of phenylephrine (Phe) on the constriction of aortic rings of 2 and 8 week

control and diabetic animals. Data are expressed as the mean + SEM of 10 animals per group.

3.3 ACE activity in serum

Because of the observed positive effects of ACE inhibitors and angiotensin II receptor
blockade on the etiology of micro- and macrovascular disease, the renin/angiotensin system
is thought to play a role in cardiovascular complications associated with diabetes. Therefore,
we measured the ACE activity in serum of control and diabetic animals. In both the 2 and 8
week treatment group, ACE activity was significantly increased in the diabetic animals as

compared to controls (Fig. 3.9).
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Fig. 3.10. sGC activity of aortic homogenates of 2 and 8 week control (Ctr) and diabetic
(Diab) animals. Basal sGC activity was determined on the basis of the formation of
[*’P]cGMP during 10 min at 37°C. To measure the 'NO-sensitive sGC activity, homogenates
were stimulated with sodium nitroprusside (SNP) (100 uM). Data are expressed as the mean +

SEM of 3 animals. *p<0.05 compared to control with SNP within the same treatment group.

3.5 Measurement of cGMP levels in aorta

In order to determine whether sGC enzyme activity determined in vitro translates into
corresponding product formation in intact tissue, we measured the cGMP levels in aortic rings
of 2 and 8 week control and diabetic animals. The basal cGMP levels of the diabetic animals
increased significantly in both treatment groups compared to their controls (by 3 and 1.2 fold in
the 2 and 8 week group, respectively) (Fig. 3.11.). In the 2 week treatment group, 100 nM SNP
caused a significant 4-fold increase in cGMP levels above basal in control and a 3-fold increase
in diabetic animals. Furthermore, in the 8 week control group, stimulation with SNP resulted in
a doubling of cGMP levels. In the 8 week diabetic group, SNP caused no significant increase in
cGMP levels above basal levels and also resulted in much lower cGMP formation compared to

the SNP-induced cGMP formation of the 2 week diabetic group (Fig. 3.11.).
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Fig. 3.11. cGMP levels of aorta of 2 and 8 week control (Ctr) and diabetic (Diab) animals.
Basal and sodium nitroprusside- (SNP) (100 nM) stimulated cGMP levels of aortic rings were
determined in control and diabetic animals. Data are expressed as the mean £ SEM of 5-10
animals. *p<0.05 compared to basal control levels within same treatment group, #<0.05
compared to basal diabetes levels within same treatment group, §<0.05 compared to control

with SNP within same treatment group.

3.6 Measurement of cAMP levels in aorta

To determine the role of the arachidonic acid/PGI, pathway in our model of diabetes, we
measured the levels of cAMP, an important second messenger which is activated by PGI,.
Overall, the cAMP levels in the 2 week treatment group were lower than those of the 8 week
treatment group (Fig. 3.12.). In the 2 week treatment group, there was no difference in the basal
cAMP levels, however 40 nM ACh caused a similar and significant increase in cCAMP in the
control and diabetic group. In the 8 week treatment group, basal cAMP levels in the diabetic
group were increased by about 3 fold as compared to controls. Addition of ACh caused a
significant increase in both the control and diabetic group, however in the diabetic group, ACh
stimulation resulted in cAMP level that were twice as high as those of the control group

(Fig. 3.12.).
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Fig. 3.12. cAMP levels in aorta of 2 and 8 week control (Ctr) and diabetic (Diab) animals.

Basal and acetylcholine- (ACh) (40nM) stimulated cAMP levels of aortic rings were
determined in control and diabetic animals. Data are expressed as the mean + SEM of 5-10
animals. *p<0.05 compared to basal control levels within same treatment group, #<0.05
compared to basal diabetes levels within same treatment group, §<0.05 compared to control

with ACh within same treatment group.

3.7 ROS levels in aortic rings detected by CL using lucigenin, coelenterazine
and L-012

O," detection by chemiluminescence is a commonly employed method; however, much dispute
exists as to the specificity of the compounds used. By using 3 different dyes, commonly used
for the detection of ROS in vascular tissue, namely lucigenin, coelenterazine and L-012, we set

out to compare ROS production in aortic rings of control and diabetic animals.

Using lucigenin (5uM) as the CL probe for extracellular ROS production, our results show that
in the 2 week treatment group, basal ROS production was significantly increased in the diabetic
group (by 50 %) as compared to controls (Fig. 3.13.). ACh, which induces 'NO production,
significantly decreased ROS levels in the control group by 25 %, however, it had no effect in
the diabetic group. L-NNA had no effect in the control group while in the diabetic group, ROS
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production was slightly but not significantly reduced. In the 8 week treatment group, ACh
again caused a significant decrease in ROS production in the control group (by 15 %), however
in the diabetic group, ACh resulted in a slight, yet significant increase in ROS production
(Fig. 3.13.). The addition of L-NNA also resulted in a slight but significant increase in the
control group (by 17 %) but had no effect in the diabetic group (Fig. 3.13.).

2 weeks 8 weeks

200 -
150 -
100 -

% of control

Fig. 3.13. ROS formation in aortic rings of 2 and 8 week control (Ctr) and diabetic (Diab)
animals detected with the chemiluminescent dye lucigenin. Basal, L-NNA- (I mM) and
ACh- (1 uM) stimulated ROS production was determined in aortic rings using 5 uM lucigenin.
Data are calculated as % of control within each treatment group and are expressed as the mean
+ SEM of 7-14 animals. *p<0.05 compared to control within the same treatment group, #<0.05

compared to diabetes within the same treatment group.

Results obtained with the intracellular superoxide- and peroxynitrite-sensitive CL dye
coelenterazine (5 uM) showed that in the 2 week treatment group, basal ROS production in the
diabetic group decreased to nearly 50 % of that of control levels (Fig. 3.14). The addition of
L-NNA caused a slight but not significant increase in ROS production in the control group;
however, in the diabetic group, ROS production markedly increased (by over 50 %). In the

8 week treatment group, basal ROS production was increased by about 20 % in the diabetic
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group. Similar to the 2 week treatment group, L-NNA caused a slight but not significant
increase in ROS production in the control group. However, in the diabetic group, L-NNA had
no effect (Fig. 3.14).

2 weeks 8 weeks

% of control

Ctr Ctr+ Diab Diab+ Ctr Ctr+ Diab Diab+
L-NNA L-NNA L-NNA L-NNA

Fig. 3.14. ROS formation in aortic rings of 2 and 8 week control (Ctr) and diabetic (Diab)
animals detected with the chemiluminescent dye coelenterazine. Basal and L-NNA-
(1 mM) stimulated chemiluminescent signal intensity was detected in aortic rings using
coelenterazine (5 uM). Data are calculated as % of control within each treatment group and are
expressed as the mean = SEM of 4 animals. *p<0.05 compared to control, #<0.05 compared to

diabetes without L-NNA within the same treatment group.

Lastly, we used the luminol analogue L-012 (100 uM), which detects both superoxide and
peroxynitrite. In the 2 week treatment group, we found no significant change in basal L-012
signal (Fig. 3.15.). The addition of the NOS inhibitor L-NNA, which inhibits all ‘NO
production, resulted in a doubling in the L-012 signal intensity in the control group. In the
diabetic group, L-NNA caused a dramatic 4-fold increase as compared to basal levels. In the
8 week treatment group, the L-012 signal intensity in the diabetic group was double that of the
control group, although this was not significant. In both control and diabetic animals, L-NNA
caused an increase in L-012 signal intensity, but again no significance could be shown

(Fig. 3.15).
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Fig. 3.15. ROS formation in aortic rings of 2 and 8 week control (Ctr) and diabetic (Diab)
animals detected with the chemiluminescent dye L-012. Basal and L-NNA- (1 mM)
stimulated chemiluminescent signal intensity was detected in aortic rings using L-012
(100 uM). Data are expressed as the mean £ SEM of 6-15 animals. RLU: relative light units.
*p<0.05 compared to same group without L-NNA, #<0.05 compared to control with L-NNA

within the same treatment group.

3.8 Oxidative fluorescent microtopography

The dye DHE, which has a blue fluorescence in solution, is freely permeable through the cell
membrane in its reduced form. Once inside the cell, it becomes trapped when it is oxidized
specifically by superoxide and diffuses into the nucleus were it intercalates with DNA and
thereafter fluoresces red. This is a common method used to localize O, production in tissue.

In the 2 week control group, bright red fluorescence was detected in the endothelium, the media
and the adventitia (Fig. 3.16. A). This finding indicates that O, is produced throughout all
layers of the vessel wall. In the diabetic group, however, we observed a marked decrease in
staining as compared to the control group, particularly in the endothelium and the adventitia

(Fig. 3.16. B).
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Fig. 3.16. Localization of superoxide production using DHE staining in vessels of 2 week
control (A) and diabetic (B) animals. Cryosections of aorta were incubated with DHE (1 uM)
which fluoresces red when oxidized by superoxide. The autofluorescence of the elastic laminae
is green. A: adventitia, M: media, E: endothelium. The bar denotes 50 pm. Pictures are

representative of 5 independent experiments.

In the controls of the 8 week treatment group, O,” was also produced throughout the whole
vessel wall (Fig. 3.17. A). However, in the diabetic group, there was a marked increase in
staining as compared to the control group, particularly in the media and the adventitia

(Fig. 3.17. B).

Fig. 3.17. Localization of superoxide production using DHE staining in vessels of 8 week
control (A) and diabetic (B) animals. Cryosections of aorta were incubated with DHE (1 uM)
which fluoresces red when oxidized by superoxide. The autofluorescence of the elastic laminae
is stained green. A: adventitia, M: media, E: endothelium. The scale bar denotes 50 pm.

Pictures are representative of 5 independent experiments.



Results 52

3.9 Measurement of NADPH-dependent oxidase(s) activity of membrane

fractions from heart and aorta

To see whether our rather qualitative fluorescent data on vascular O,” production are
associated with the O, -generating NAD(P)H oxidase, we assessed the NAD(P)H-oxidase
activity in membrane fractions of both heart and aortic tissue from control and diabetic rats
by lucigenin (5 uM)-derived CL, either with or without the addition of 200 uM NADPH.

In heart membranes of the 2 week treatment group, there was no difference in basal
(unstimulated) CL signal intensity between control and diabetic animals (Fig. 3.18.). The
addition of NAPDH resulted in a 10 and 20 fold increase in CL signal intensity above basal
levels in the control and diabetic group, respectively. Thus, the NADPH-stimulated signal
intensity in the diabetic group was significantly higher (2 fold) compared to the control
group. In the diabetic group, the addition of DPI (10 uM), a flavoprotein oxidase inhibitor,
normalized the NADPH-induced CL signal to near background levels, while the NOS
inhibitor L-NNA (1 mM) had no effect. Furthermore, the addition of NADH (200 uM) had
no effect on the CL signal in the diabetic group compared to basal levels (Fig. 3.18.).

Similar results were obtained in the 8 week treatment group. Again we saw no difference in
basal (unstimulated) CL signal intensity between control and diabetic animals (Fig. 3.18.).
The addition of NAPDH resulted in a 12 and 24 fold increase in CL signal intensity above
basal levels in the control and diabetic group, respectively. In the diabetic group, the addition
of DPI (10 uM) normalized the NADPH-induced CL signal to near background levels, while
L-NNA (ImM) and rotenone, an inhibitor of mitochondrial respiration, had no effect.
Neither NADH (200 uM), nor hypoxanthine (I mM), a substrate for xanthine oxidase, had
any significant effect on the basal CL signal (Fig. 3.18.).

In aortic membranes of the 2 week treatment group, there was no difference in NADPH-
(200 uM) stimulated CL signal intensity between the control and diabetic group; however, in
the diabetic animals of the 8 week treatment group, the NADPH-stimulated CL signal was
significantly increased by 1.6-fold as compared to controls (Fig. 3.19.).

These results indicate that NADPH-dependent oxidase is a pre-eminent superoxide source in

both cardiac and aortic membranes.
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2 weeks 8 weeks

% of control

Fig. 3.18. NADPH-dependent oxidase activity of membrane fractions from heart of 2 and
8 week control (Ctr) and diabetic (Diab) animals. Membrane fractions were incubated with
either NADPH (200 uM), NADH (200 uM), L-NNA (1 mM), DPI (10 uM), rotenone (10 uM)
or hypoxanthine (1 mM) in the presence of 5 uM lucigenin. Data are expressed as the mean +

SEM of 2-7 animals, *p<0.05 compared to control within the same treatment group.
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Fig. 3.19. NADPH-dependent oxidase activity of membrane fractions from aorta of 2 and
8 week control and diabetic animals. Membrane fractions were incubated with NADPH
(200 uM) in the presence of 5 uM lucigenin. Data are expressed as the mean = SEM of

4 animals, *p<0.01.
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3.10 Immunohistochemical detection of eNOS

Aortic cryosections (see section 2.2.8) were used to determine the expression of eNOS in
control and diabetic animals. In the 2 week treatment group, there was no apparent difference in
eNOS expression between control and diabetic animals (Fig. 3.20. A and B). However, in the

8 week treatment group there was a marked increase in eNOS expression in the diabetic group

(shown by the increase in red staining) as compared to controls (Fig. 3.20. C and D).

Fig. 3.20. Immunohistochemical detection of eNOS of 2 week (A and B) and 8 week (C
and D) control (A and C) and diabetic (B and D) animals. Cryosections of aorta were
stained with a monoclonal anti-eNOS antibody and detected with a fluorescently-labeled
secondary antibody (red staining). The autofluorescence of the elastic laminae is green.
A:adventitia, M: media, E: endothelium. The scale bar denotes 25 pm. Pictures are

representative of 4 independent experiments.
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3.11 Vascular ‘NO levels measured by EPR spin trapping

One of the most reliable methods of detecting NO in biological systems is the EPR spin
trapping technique. We used the highly hydrophobic trap Fe"(DETC), to determine the ACh-
(1 uM) and calcium ionophore A23187 (10 uM) stimulated 'NO formation in aortic rings of

control and diabetic animals.

A Magnetic iield
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Fig. 3.21. Measurement of 'NO by EPR of 2 and 8 week control (Ctr) and diabetic (Diab)
animals. (A) Original 'NO spectra of a representive control and diabetic rat. (B) Aortic rings
were incubated with either acetylcholine (ACh, 1 pM) or the calcium ionophore A23187
(10 uM). Data are expressed as the mean = SEM of 4-10 animals, * p<0.05 compared to
control within the same treatment group. Unstimulated, basal levels of both control and diabetic
animals could not reliably be determined, as they were found to be close to the detection limit

of the assay.
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In the 2 week treatment group, there was no significant difference in the ACh-stimulated "NO
production in the diabetic group compared to the controls, while stimulation with A23187
induced a significantly higher increase in 'NO production in the diabetic group than in the
control rats (Fig. 3.21.). The 8 week diabetic state induced a marked decrease (by nearly 50 %)
in "NO production elicited by ACh compared to controls, while the "NO production stimulated

by A23187 was again significantly increased compared to 'NO formation in control animals

(Fig. 3.21.).

3.12 Serum levels of NO,” and NO;~

Indirect indices of 'NO production are NO, and NOj; . The fluorescent probe DAN can be used
to detect NO, and by the addition of nitrate reductase one can monitor both NO, and NOs~
levels. Our results show that in the 2 week treatment group, serum NO, was significantly
increased in the diabetic group as compared to controls with no change in NOs levels
(Fig. 3.22.). On the contrary, in the 8 week treatment group, there was no change in NO, levels
between diabetic and control groups; however, the NO;™ levels were significantly increased in

the diabetic group (Fig. 3.22).
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Fig. 3.22. Serum levels of nitrite and nitrate of 2 and 8 week control (Ctr) and diabetic
(Diab) animals. The DAN assay was used to determine nitrite levels in serum samples. Nitrate
was determined by the addition of nitrate reductase. Data are expressed as the mean = SEM of

6-9 animals. * p<0.05 compared to control within the same treatment group.
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3.13 Western blot analysis

3.13.1 Expression of the NAD(P)H oxidase subunits nox1, nox4 and p67°"*

To elucidate the role of the gp91°™* homologues nox1 and nox4 in the our observed changes in
superoxide production, we looked at the expression of these two subunits in aortic

homogenates of control and diabetic animals.

A

2 weeks 8 weeks
Control Diabetes Control Diabetes
a-actinin . —— —— e e — 100 kDa
nox1 - W s e s wmm — 65 kDa
B 2 weeks 8 weeks

Y

% of control

7

Control Diabetes Control Diabetes

Fig. 3.23. Expression of noxl in aorta of 2 and 8 week control and diabetic animals.
(A) Original Western blots detecting nox1 protein in aortic homogenates of 3 representative
control and diabetic animals. The expression of a-actinin was used to verify equal protein
loading. (B) Densitometric analysis of Western blots. Data are expressed as the mean + SEM of

12 animals per group.* p<0.05 compared control within same treatment group.

In the 2 week treatment group, there was no change in either nox1 (Fig. 3.23.) or nox4
(Fig. 3.24.) expression between control and diabetic animals. However, in the 8 week treatment

group, nox1 expression increased by more than 2 fold in the diabetic group compared to the
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control group (Fig. 3.23.), while the expression of nox4 was not significantly altered
(Fig. 3.24.). In addition, in the diabetic animals of the 2 week treatment group, the expression
of p67°™, which translocates to the membrane to form the active oxidase complex, decreased

to about 50% of that of controls while no change was observed in the 8 week treatment group
(Fig. 3.25.).

A
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Fig. 3.24. Expression of nox4 in aorta of 2 and 8 week control and diabetic animals.
(A) Original Western blots detecting nox4 protein in aortic homogenates of 4 representative
control and diabetic animals. The expression of a-actinin was used to verify equal protein

loading. (B) Densitometric analysis of Western blots. Data are expressed as the mean + SEM of

6 animals per group.
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Fig. 3.25. Expression of p67°"** in aorta of 2 and 8 week control and diabetic animals. (A)
Original Western blots detecting p67ph°X protein in aortic homogenates of 3 representative
control and diabetic animals. The expression of a-actinin was used to verify equal protein
loading. (B) Densitometric analysis of Western blots. Data are expressed as the mean + SEM of

3-6 animals. *p<0.05 compared to control within same treatment group.

3.13.2 Expression of eNOS

To elucidate the role of eNOS in the setting of diabetes, we used aortic homogenates to
determine its protein expression. In the 8 week treatment group, we observed a significant
increase (of nearly 50%) in eNOS expression in the diabetic group as compared to controls,
while there was no difference in eNOS expression in the 2 week treatment group (Fig. 3.26.).
These results support our observations obtained with immunohistochemical staining (see

section 3.10.).
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Fig. 3.26. Expression of eNOS in aorta of 2 and 8 week control and diabetic animals. (A)
Original Western blots detecting eNOS protein in aortic homogenates of 3 representative
control and diabetic animals. The expression of o-actinin was used to verify equal protein
loading. (B) Densitometric analysis of Western blots. Data are expressed as the mean £ SEM of

12-18 animals. * p<0.05 compared to control within same treatment group.

3.13.3 Expression of SOD

Changes in ROS levels may be a result of either increased production or a decrease in anti-
oxidative defense mechanisms. One such anti-oxidative enzyme found in the cytoplasm is the
Cu/ZnSOD which is responsible for the dismutation of O,”. We therefore determined the

expression of Cu/ZnSOD in aortic homogenates of control and diabetic animals. While we
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observed no change in Cu/ZnSOD expression in the 2 week treatment group, the diabetic

animals of the 8 week treatment group demonstrated a significant increase in Cu/ZnSOD

expression (by about 60 %) as compared to controls (Fig.3.27.).
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Fig. 3.27. Expression of Cu/Zn-SOD in aorta of 2 and 8 week control and diabetic
animals. (A) Original Western blots detecting SOD protein in aortic homogenates of
3 representative control and diabetic animals. The expression of a-actinin was used to verify
equal protein loading. (B) Densitometric analysis of Western blots. Data are expressed as the

mean = SEM of 5 animals per group. * p<0.05 compared to control within same treatment

group.
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3.13.4 Expression of sGC and cGK-l

Two NO-downstream effectors that are crucial in regulating vascular tone are sGC, which
produces the second messenger cGMP, and cGK-I which is activated by cGMP. In aortic
homogenates of the 2 week treatment group, we found a 20 % increase in sGCRB; subunit
expression in the diabetic group which was significantly higher than that of the control group
(Fig. 3.28.). There was no change in sGC expression in the 8 week treatment group (Fig. 3.28.).
Furthermore, no differences were found in ¢cGK-I expression in either of the two treatment

groups (Fig. 3.29.).
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Fig. 3.28. Expression of sGC-8 in aorta of 2 and 8 week control and diabetic animals. (A)
Original Western blots detecting sGC-B protein in aortic homogenates of 3 representative
control and diabetic animals. The expression of a-actinin was used to verify equal protein
loading. (B) Densitometric analysis of Western blots. Data are expressed as the mean + SEM of

9-12 animals per group. * p<0.05 compared to control within same treatment group.
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Fig. 3.29. Expression of cGK-I in aorta of 2 and 8 week control and diabetic animals. (A)
Original Western blots detecting cGK-I protein in aortic homogenates of 3 representative
control and diabetic animals. The expression of a-actinin was used to verify equal protein

loading. (B) Densitometric analysis of Western blots. Data are expressed as the mean + SEM of

4-6 animals per group.

3.13.5 Expression of P-VASPser239

In order to assess whether altered ROS formation in experimental diabetes translates into
altered cGK activity, we looked at the expression of VASP phosporylation on ser239, a
validated marker of cGK-I activity. We found no significant change in basal VASP
phoshphorylation on ser239 expression in either of the two treatment groups (Fig. 3.30.).

However, in the 2 week treatment group, ACh (1 pM) stimulation resulted in a 2-fold increase
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in VASP phosphorylation on ser239 expression above basal levels in both control and diabetic

animals. In the 8 week treatment group, ACh stimulation caused a marked (3-fold) increase in

VASP phosphorylation on ser239 expression above basal levels in the control group; however,

this effect of ACh was completely abolished in the diabetic group (Fig. 3.30.).
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Fig. 3.30. Phosphorylation of VASP on ser239 in aorta of 2 and 8 week control (Ctr) and

diabetic (Diab) animals. (A) Original Western blots detecting VASP phosphorylation on
ser239 protein in ACh (IuM)-stimulated and unstimulated aortic homogenates of

2 representative control and diabetic animals. (B) Densitometric analysis of Western blots. Data

are expressed as the mean £ SEM of 4-6 animals per group.
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3.13.6 Expression of HO-1

In the 2 week treatment group, there was a striking decrease in the expression of HO-1 in the
diabetic group as compared to the controls, while in the 8 week treatment group these levels

returned to near control levels (Fig. 3.31.)
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Fig. 3.31. Expression of HO-1 in aorta of 2 and 8 week control and diabetic animals. (A)
Original Western blots detecting HO-1 protein in aortic homogenates of 3 representative
control and diabetic animals. (B) Densitometric analysis of Western blots. Data are expressed

as the mean = SEM of 9-12 animals per group. * p<0.05 compared to control.
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4 Discussion

It is well known, that the development of vascular complications in diabetes is associated with
endothelial dysfunction, as indicated by reduced vasodilation in response to ACh. However,
while pronounced macro- and microvascular endothelial dysfunction is a hallmark of late stage
diabetes, the early stages of uncomplicated diabetes are characterized by increased blood flow
and reduced peripheral resistance [67]. The underlying mechanisms of these divergent
phenomena are still obscure. This study, for the first time, assessed the hypothesis, that early
(2 week) and late (8 week) stage diabetes is associated with differences in ROS production with
concomitant changes in the NO/cGMP signaling pathway. To facilitate the discussion of our

data, a tabular summary of all results is given in Table 4.1.

Table 4.1. Tabular summary of results of this study: 0: no change, |/1: decrease/increase,
L1/11: highly significant decrease/increase, (|)/(1) trend towards decrease/increase, +e:
endothelium intact, -e: endothelium denuded, ACh: acetylcholine, EPR: electron paramagnetic

resonance, NTG: nitroglycerin, Phe: phenylephrine, SNP: sodium nitroprusside.

Vasoreactivity 2 weeks 8 weeks

ACh relaxation +e 1 !

-e 0 0
NTG relaxation +e 1 !

-e 0 | (high affinity)
SNP relaxation +e 0 (1)
KCl contraction +e ! }

-€ () W
Phe contraction +e 0 ()

NO/cGMP pathway

NOz serum 0
NO3 serum T

eNOS (Western blot)

eNOS (immunohisto)

‘NO (EPR) +ACh
+A23187

M

A

—| O] O O O —
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HO-1 I 0
sGC basal 0 0
+SNP 0 0
cGMP basal 1 1
+SNP 0 0
sGC-131 ) 0
cGK-l 0 0
P-VASPser239 basal 0
+ACh 0 H
ROS production
lucigenin basal @) M
+ACh 1 1
+L-NNA 0 0
coelenterazine basal W M
+L-NNA 0 0
L-012 basal 0 )
+L-NNA " T
DHE staining ! 7
NADPH oxidase
activity (heart) ™ ™"
NADPH oxidase
activity (aorta) 0 ™
nox1 0 "
nox4 0 0
pe7™"" W 0
Cu/ZnSOD 0 "
Other
cAMP basal 0 1
+ACh 0 1
ACE serum i T
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4.1 Influence of early and late stage diabetes on vascular reactivity to relaxing

stimuli

To test the endothelium-dependent vasoreactivity of aortic rings, we used the receptor-
dependent agonist ACh. In agreement with the literature [65, 66], our results showed improved
vasorelaxtion in response to ACh (107 to 10°° M) in the diabetic animals of early stage
diabetes (2 weeks), while late stage diabetes (8 weeks) was hallmarked by pronounced
attenuation of ACh-induced vasodilation, signifying endothelial dysfunction (Fig.3.1.).
Removing the endothelium from the aortic rings completely abolished the ACh-induced
vasorelaxtion in both the 2 and the 8 week treatment groups (Fig. 3.2.), showing that an intact

endothelium is needed for ACh to elicit its effect.

The impact of disease duration on endothelium-dependent vascular relaxation in this model of
STZ-induced diabetes was underlined by a study by Willbrandt [73]. By using similar
concentration of STZ as in our study, she showed a pronounced ACh-induced relaxation of
aortic rings of diabetic animals at 2 weeks, no difference at 3 weeks, pronounced endothelial
dysfunction at 6 weeks, which was attenuated at 12 weeks (Fig. 4.1.). However, these studies,
in contrast to ours, where done in the absence of the cox inhibitor indomethacin, which may
explain the more prominent differences in relaxation between control and diabetic animals of
the 2 week treatment group compared to that observed in our study. At the same time, the study
by Willbrandt showed a strong influence of the dose of STZ used (Fig. 4.1.). These findings
underline the critical need to standardize procedures when studying endothelial dysfunction in

this model of diabetes.

In further studies, we attempted to reveal the mechanism underlying the increased endothelium-
dependent vasorelaxtion in early stage diabetes. Potential mechanisms may include increased
ACh signaling efficiency, increased 'NO formation and/or bioavailability or enhanced signaling
efficiency of the NO/cGMP pathway. Diabetic animals of the 2 week treatment group also
exhibited increased vasorelaxation to the endothelium-independent vasodilator NTG compared
to controls (Fig. 3.3), pointing either towards increased bioactivation of NTG, or an increased

sensitivity of the diabetic rat aorta to NO/cGMP-dependent vasodilators.
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Fig. 4.1. Study showing the effect of STZ dose and disease duration on the development of
endothelial dysfunction in STZ-induced diabetes. Wistar rats were injected into the tail vein
with varying concentrations of STZ. The dose of 75 mg/kg (diamond symbol) is similar to the
dose used in this study (70 mg/kg). Sham-injected control animals are denoted by the filled
black circle. Blood glucose levels and body weights of the 2 week treatment group (graph top
left corner) were similar to those recorded in our study (graph taken from the thesis by A.

Willbrandt, http://elib.tiho-hannover.de/dissertations/willbrandta_2001.pdf).

When the aortic rings were denuded of the endothelium, the NTG response in the diabetic
animals normalized (Fig. 3.4.), indicating that in these animals, the endothelium may sensitize
the vessels to the vasodilatory action of NTG. A different mechanism may also account for this
observation, including increased bioactivation of NTG by the mitochondrial aldehyde

dehydrognease (mtALDH) in endothelial cells [74, 75]. Indeed, preliminary studies of our
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group showed that mtALDH activity in diabetic rat aorta of the 2 week treatment group was
slightly increased compared to controls (Daiber et al., unpublished results). Another
explanation could be an increased bioavailability of NTG-derived 'NO and/or increased
sensitivity of sGC to ‘NO-induced activation. Indeed, as discussed below, both mechansims
seem to be functional. An improved bioavailability of 'NO is suggested by our observation that
the NAD(P)H oxidase subunit p67ph°x was markedly decreased (Fig.3.25.), which could result
in decreased O," formation in the endothelium (as observed with DHE staining (Fig. 3.16.))
and thus decreased scavenging of 'NO. An increased sensitivity of sGC to "NO-elicited
activation was indicated by our findings that in the aortic homogenates of the 2 week diabetic
rats, SNP stimulated the sGC activity to a significantly higher degree than that of control

homogenates (see below).

In contrast to our findings in early diabetes, the vasorelaxation to NTG in the 8 week treatment
group was significantly reduced in the diabetic animals (Fig. 3.3.) and this effect was still
observed when the rings were denuded of the endothelium (Fig. 3.4.) (although only at higher
NTG concentrations). This points to either a decreased bioactivation of NTG in the smooth
muscle mitochondria, and/or a decreased sensitivity of SMC to NTG-induced relaxation. It is
well known and a common observation that NTG exhibits a biphasic concentration-response
relationship, explained by two different pathways of NTG bioactivation [76]. According to
recent findings by our group, the high affinity/potency pathway is mediated by mtALDH, and
is therefore confined to endothelial and smooth muscle mitochondria [77]. The low
affinity/potency pathway (NTG concentrations >10° M), which generates EPR-detectable
amounts of 'NO, is mediated by an unknown bioactivation process of which possible
candidates include CYPyso isoenzymes [78] and the xanthine oxidoreductase [79]. Closer
inspection of our NTG dose-response curves (Fig. 3.4.) indeed shows a biphasic behaviour of
endothelium-denuded vessels. Specifically, the efficacy of the high affinity pathway is
significantly attenuated in diabetic aortas (Fig. 4.2., see dashed line), which may point to

decreased bioactivation of NTG by reduced mtALDH activity.



Discussion 71

—@— control
---O--- diabetes

% relaxation

100 - *—eo o o

9.0 -85 -8.0 -7.5 -7.0 -6.5 -6.0 -5.5 -5.0 4.5
NTG (logM)

Fig. 4.2. Effect of the endothelium-independent vasodilator nitroglycerin (NTG) on the
relaxtion of endothelium-denuded aortic rings of 8 week control and diabetic animals.
The dashed line shows the extrapolated high affinity/potency NTG response curve that is
dependent on mitochondrial aldehyde dehydrogenase activity, showing a decreased efficacy in

the diabetic animals compared to controls (refer to Fig. 3.4.).

In order to test the 'NO responsiveness of the aorta, we used the 'NO donor SNP. We observed
no differences in the vasodilatory response to SNP between control and diabetic animals of the
2 week treatment group (Fig. 3.5.). This observation was unexpected when comparing it to our
findings of an increased vasodilator response to ACh and NTG (see above). A possible
explanation for these apparently discrepant findings could be a reduced bioactivation of SNP
[80]; however, this is not supported by our cGMP measurements (see section 4.4). Another
reason may be that SNP relaxes aortic smooth muscle, in part, by a mechanism unrelated to
cGMP formation, such as hyperpolarization of the SMC membrane by activation of large
conductance calcium-dependent potassium (BKc,) channels [81] or by the inward rectifier
channels [82]. Indeed, a decrease in the conductance of BKc, channels in the smooth muscle

cells of STZ-induced diabetic mice was observed by Ye et al. [83].
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In the 8 week diabetic group the ECsy for SNP-induced relaxation increased slightly but
significantly compared to controls, pointing to a decreased sensitivity of the diabetic SMC to
‘NO-elicited vasorelaxation, possibly due to a defect in the 'NO/cGMP signaling pathway (see
section 4.4).

In summary, our results show that early diabetes is associated with increased endothelium-
dependent vasorelaxation and an increased sensitivity of SMC to NTG-induced relaxation
(which seems to be endothelial dependent), while in late stage diabetes these 2 pathways are
impaired. The role of the NO/cGMP pathway in mediating these responses was further
elucidated in this study.

4.2 Influence of early and late stage diabetes on contractile properties of rat

aorta

Since vascular tone is the net result of contracting and relaxing mechanisms, and since diabetes
has been reported to affect the contractile behaviour of blood vessels, we next analyzed the
effect of early and late stage diabetes on the contractile reponses of isolated rat aortic rings.

Phe causes vasoconstriction by binding to the o;-adrenergic receptor, which activates
phospholipase C, increases formation of diacylglycerol (DAG) and inositol-3-phosphate (IPs),
thereby increasing intracellular calcium levels, leading to contraction. We found no significant
difference in the Phe-induced contraction in the 2 week treatment group but a slight trend
towards increased sensitivity to Phe in the diabetic animals of the 8 week treatment group. This
data is in agreement with Chang et al. [84], who found no change in Phe-induced contraction of
aortic rings in early stage (12 weeks) diabetes. This group did observe a hypersensitivity to Phe
in the late stages of the disease, however they characterized their late stage diabetic animals at
52 weeks.

To investigate the influence of early and late stage diabetes on receptor-independent
contraction, we tested the response of aortic rings to increasing concentrations of KCl. In both,
the 2 and 8 week treatment group the contraction in response to KCl was attenuated in the
diabetic animals as compared to controls (Fig. 3.6.). When the endothelium was removed,
contraction occurred at much lower KCl concentrations. While there was a slight decrease in
the response to KCl in the diabetic animals of the 2 week treatment group, the 8 week diabetic
animals demonstrated markedly reduced KCl-induced contraction compared to controls
(Fig. 3.7). The fact that we saw no differences in the contraction induced by Phe indicates that

changes in KCl-dependent contraction occur at a stage that is independent of Phe-induced
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a-receptor activation. It thus seems that late stage diabetes results in altered sensitivity of the
tissue to KCl. Decreased contraction responses to KClI in diabetic aorta have been reported by
others [85]; moreover, Pfaffman et al. [86] showed that this effect was completely reversible by
insulin treatment. Possible explanations for this phenomenon include a decrease in the number
of voltage-dependent calcium channels and alterations in the activation of these channels by
membrane depolarisation. Indeed, a study by Wang et al. [87] showed a decrease in the L-type
voltage dependent calcium channel currents in SMC of diabetic tail artery. Moreover, these
currents, which are subject to inhibition by cAMP, demonstrated an increased sensitivity to
cAMP in the diabetic animals. Interestingly, we found increased basal and ACh-stimulated
levels of cAMP in the aorta of diabetic animals of the 8 week but not the 2 week treatment
group (Fig.3.12.), which could explain the marked attenuation of the contraction response to

KCl observed in these animals.

4.3 The role of ‘NO in diabetic vascular dysfunction

‘NO is a crucial mediator in maintaining adequate vascular tone and we therefore looked at the
expression of eNOS, the pre-eminent ‘NO source in the vasculature, using both Western blot
analysis and immunohistochemistry. In the 2 week treatment group, there was no difference in
eNOS expression between control and diabetic animals as assessed with Western blotting;
however, in the diabetic animals of the 8 week treatment group, eNOS expression was
markedly increased (Fig. 3.26.). These data agree with results obtained by
immunohistochemistry, showing no change in the 2 week treatment group but a marked
increase in eNOS staining in the endothelium of the diabetic animals of the 8§ week treatment
group as compared to controls (Fig. 3.20.). This increase in eNOS expression seems
contradictory to the observed endothelial dysfunction in these animals. Yet several other studies
reported increased eNOS expression in the setting of oxidative stress and diabetes [88]. A
possible explanation for this phenomenon could be a counter-regulatory mechanism, triggered
by decreased biovailabitily of "NO. Decreased bioavailability of 'NO, on the other hand, could
be the result of increased degradation to inactive metabolites, increased scavenging by high
prevailing levels of O, or increased adduct formation with the existing high levels of glucose
in the plasma of diabetic animals [89]. Recently, it was shown that H,O, potently stimulates
eNOS expression [90] and it is conceivable that this plays a role in the upregulation of eNOS in
the setting of oxidative stress and diabetes. This is supported by a study by Laude et al. [91]

who observed an increase in eNOS expression in the aorta of mice with tissue-specific
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overexpression of p22ph°X and noxl. These authors concluded, that H,O, levels in the
endothelium accounted for increased eNOS expression. H,O; levels are likely to increase as a
result of increased levels O,” which undergoes dismutation by SOD. Interestingly, we found an
increased expression of the Cu/ZnSOD in the diabetic animals of the 8 week treatment group
(Fig. 3.27.), which could generate increased levels of H,O,. Higher expression of Cu/ZnSOD in
this study and higher expression of the ecSOD in the study by Laude et al. are most likely

adaptive responses to increased oxidative stress.

To see whether increased eNOS expression actually translates into increased formation of ‘NO,
we measured 'NO in intact aortic rings by EPR using the "NO spin trap Fe"(DETC),. The
detection of NO in vascular tissue can be difficult because of the extreme instability of this
radical. However, by utilizing the high affinity of ‘NO for certain Fe*'-complexes, it can be
caged to form a stable paramagnetic adduct whose characteristic spectrum can be detected by
EPR. The spin trap Fe"(DETC), associates with the cell membrane due to its hydrophobic
character, and is therefore especially useful in monitoring 'NO produced by eNOS, as this
enzyme is associated with caveolae of cell membranes. In the 2 week treatment group, ACh
elicited no significant difference in 'NO production between control and diabetic animals;
however, in the 8 week treatment group, the ACh-induced NO production was significantly
reduced in the diabetic group as compared to controls (Fig. 3.21.), pointing towards either a
decreased bioavailability of receptor stimulated 'NO, or a defect in the ACh/calcium signaling
pathway, thereby leading to decreased stimulation of eNOS. A further explanation for this
observation could be that the eNOS is uncoupled, producing O, instead of 'NO, as has been
reported for some pathological states, including diabetes [88]. When the calcium ionophore
A23187 was used, 'NO production was increased to a similar extent in the diabetic rats of both
treatment groups compared to controls. In the 8 week treatment group, the increase in ‘NO
may merely be ascribed to the observed increase in the expression of eNOS. The observation
that calcium ionophore-induced maximal activation of eNOS was similar in early and late stage
diabetes may best be explained by a reduced spin-trapping efficiency of ‘NO in late diabetes
because the spin trap can compete with the increased O, for 'NO [92]. The observed increase
in calcium ionophore-induced maximal ‘NO formation in the diabetic animals of the 2 week
treatment group compared to controls may be explained by a similar mechanism, i.e. a higher
"NO spin trapping efficiency due to reduced O, formation (as observed with DHE staining).

These results, however, argue against an uncoupled, non-functional NOS in the diabetic state.
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It must be remembered that the NOS enzyme family consists of the three isoforms, namely
eNOS, iNOS and nNOS. While most studies on vascular dysfunction have focused on the role
of eNOS, little attention has been given to the other two isoforms, presumably because their
importance in vascular dysfunction is much disputed. Yet several reports indicated that iNOS
was increased in the vascular smooth muscle cells of STZ-induced diabetic rats [93] and a
recent study by Gunnett et al. [94] showed that STZ-induced diabetes produced impairment of
endothelial-dependent relaxation in arteries of wild type but not iNOS knock-out mice. The
presence of nNOS in vascular tissue is controversial, but it was recently detected in the
neointima and medial smooth muscle cells of mice where it suppresses atherosclerotic lesion
formation [95]. However, because iNOS is calcium/calmodulin independent, effects seen after
stimulation with ACh or the calcium ionophore A23187 are likely to involve only eNOS
(or nNOS).

Another popular method of assessing "NO bioavailability is the detection of the plasma level of
NOy (ie. the sum of NO, and NO53’). In the presence of molecular oxygen, NO is rapidly
oxidized to NO,” which forms the major breakdown product of ‘NO in human plasma. NO,
may be taken up by red blood cells where it is oxidized in a hemoglobin-dependent manner to
NOs’, which is subsequently released back into the plasma. In addition, excess ONOO™ may
decompose to yield NO;. Both NO, and NO; have been used as biomarkers for NO
bioavailability in human blood. Studies in both animal models [96] and human diabetes [97]
report increases in plasma NOy levels. However, it was recently reported that only plasma NO,
accurately reflects changes in eNOS activity, while changes in plasma NOj3 or NOy generally
do not present useful markers as their levels are influenced by a variety of NOS-independent
factors, including dietary NOs’ intake, denitrifying liver enzymes and renal function [98]. We
therefore used the DAN assay, capable of detecting NO, in the nM range, and used nitrate
reductase to differentiate between NO3 and NO;" In the 2 week treatment group, we found a
significant increase in NO, in the serum of the diabetic animals with no change in NOj’, while
in the 8 week treatment group, the diabetic animals showed no change in NO,™ but a significant
increase in NOs  (Fig. 3.22.). This points towards either an increase in 'NO formation, or an
increased bioavailability of 'NO in the 2 week treatment group. Our data obtained for the
8 week treatment group is supported by Maejima et al. [99] who found no change in plasma
NO," but an increase in NOs3™ in patients with type 2 diabetes. Since NO3™ plasma levels are
mainly controlled by renal elimination, the increased NOs™ levels in late diabetes seemingly

indicate reduced elimination due to compromised kidney function, a common complication of
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late diabetes [100]. Interestingly, Maejima et al. [99] also showed that the increase in NO3;” was
strongly associated with serum AGE levels, which have been shown to play an important role

in causing hyperglycemia-induced oxidative stress and subsequent vascular dysfunction [27].

4.4 The role of the NO/sGC/cGK-l signaling pathway

To elucidate the role of NO-downstream signaling in our setting of diabetes, we looked at the
sGC activity in homogenates of aortic rings. While we found no differences in basal activity in
any of the groups, SNP-stimulated sGC activity was markedly increased in the diabetic animals
of the 2 week treatment group compared to controls (Fig. 3.10.). This increase in activity may
be due to increased protein expression or to increased sensitivity towards 'NO. While we did
see a significant increase in the expression of sGCB; in these animals, this is likely to be too
slight to cause the observed marked increase in sGC product formation, namely cGMP in intact
aortic tissue as assessed by EIA. However, it may explain the increase in basal cGMP levels in
the diabetic animals of this group. On the other hand, the increased basal cGMP levels
observed in the diabetic animals of the 8 week treatment group could be a potential counter-
regulatory mechanism resulting in decreased PDE activity, as has been reported in the aorta of
diabetic rats [101]. In the 8 week treatment group, there was no change in SNP-stimulated sGC
activity, which correlated well with cGMP product formation, where again we found no
difference between control and diabetic animals.Another possible explanation for the increased
basal cGMP levels in both the 2 and 8 week treatment group could be the activation of pGC by
ANP. Increased plasma ANP levels where found in STZ-rats treated for 2 and 4 weeks [102] as
well as in patients with type 1 diabetes [103].

In the 8 week treatment group, there was no change in SNP-stimulated sGC activity, which
correlated well with cGMP product formation, where again we found no difference between
control and diabetic animals. These results are supported by a study by Witte et al. [104] who
found no difference in "NO-stimulated sGC activity in the mammary artery of control and type
2 diabetic patients. Furthermore, Schaefer et al. [105] found no increase in sGC activity in the
retina of rats 6 weeks after STZ injection, which they propose to be due to O, interfering with
‘NO-mediated sGC activation. Other studies, however, show a reduction in sGC activity in the
aorta of the genetically modified type 2 diabetic Goto-Kakizaki rat [106] while still others
showed an increase in the SNP-stimulated cGMP accumulation in cultured SMC from diabetic

rats [107].
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In recent years, the microsomal enzyme HO was shown to play an increasingly important role
in conditions of oxidative stress. HO breaks down heme to generate biliverdin, free ferrous iron
and CO. Biliverdin is than rapidly converted to bilirubin by biliverdin reductase and free iron is
sequestered by ferritin. Three isoforms of HO exist: HO-1 is the inducible form, activated by
heme and other oxidants, heavy metals, proinflammatory cytokines, hypoxia and shear stress.
HO-2 and HO-3 are constitutively expressed and are similar in amino acid structure. HO-2 is
expressed in many organs throughout the body, but particularly in brain and testes while the

recently identified HO-3 is thought to be a less efficient heme catalyst.

The proposed protective role HO-1 is likely to be exerted by its ability to degrade pro-oxidant
heme, by the production of biliverdin and bilirubin, both of which have antioxidant properties
and by the generation of CO. CO is able to activate sGC with the formation of cGMP resulting
in a vasodilatory response, as was shown for the coronary circulation [108]. However, CO may
promote vasodilation independent of cGMP by stimulating calcium-activated potassium
channels [109]. Furthermore, CO may inhibit the production of the potent vasoconstrictor
endothelin [110]. In all, an increase in HO-1 is likely to go hand in hand with increased
vasodilation. This could explain the marked decrease in HO-1 expression seen in the diabetic
animals of the 2 week treatment group (Fig. 3.31.), whereby the decrease in HO-1 is
counteracting the increased vasodilation seen in these animals. Moreover, the observed
hypersensitivity of sGC to 'NO (and thus possibly to CO) could also result in the
downregulation of CO production. Furthermore, HO was shown to inhibit ‘'NO formation,
therefore a decrease in HO could result in increased NO production/bioavailability, as we

postulate to occur in these animals [110].

However, an increase in HO would also mean an increase in the release of free iron which in
turn would increase oxidative modification of proteins in Fenton chemistry based reactions.
Therefore, HO is protective but within a narrow threshold of overexpression [111] since the
iron released may obviate any cytoprotective effect. This could explain our results of the
diabetic animals in the 8 week treatment group, where HO-1 expression normalized, but did not

increase, as would be expected in the setting of oxidative stress.
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We next examined cGK-I, the downstream target of cGMP. The expression of cGK-I did not
differ between any of the treatment groups. Furthermore, when assessing the basal activity of
this enzyme, by looking at the phosphorylation state of VASP on ser239, there was no
significant difference in basal cGK-I activity between control and diabetic animals in the two
treatment groups. However, when aortic rings in the 2 week treatment group were stimulated
with ACh, we observed a significant but similar increase in phosphorylation of VASP on
ser239 in both the control and diabetic animals. In the 8 week treatment group, ACh
stimulation also resulted in a marked increase in VASP phosphorylation on ser239 expression
in the control group; however, in the diabetic group, the effect of ACh was completely
abolished. These results point towards a defective ACh/NO/cGK-I pathway in the 8 week
treatment group and are in agreement with the observed endothelial dysfunction seen in the
diabetic animals of this group. This data also agrees with our EPR experiments, where the
ACh-induced "NO production was markedly reduced in the diabetic animals of the 8 but not the
2 week treatment group.

In the 8 week treatment group there was no change in sGC activity or cGMP production;
however, a defect in the ACh-induced cGK-I activity was observed that could explain the

observed endothelial dysfunction.

4.5 Vascular ROS production

The growing number of studies showing the importance of oxidative stress in the development
of vascular disease have increased the need to develop methods to detect ROS with high
specificity and sensitivity in vascular tissue. One commonly employed method is the use of CL

probes which, on exposure to O, ", release a photon that can be detected in a luminometer.

The most widely used CL compound is lucigenin which, due to its structure, is considered to
primarily detect extracellular ROS. It has been used widely in cultured cells, tissue
homogenates and intact vascular tissue, however, the credibility of using this compound for the
detection of O," has been questioned because of a phenomenon called redox cycling. Hereby
lucigenin undergoes cycles of univalent reduction followed by auto-oxidation to yield O,". This
results in an artificial overestimation of O,”, which becomes especially important in biological
systems in which the O, levels are low. High concentrations (> 250 uM) of lucigenin favor
redox cycling and although today it is generally excepted that low concentrations of lucigenin

(ie. 5 uM) do not produce O,", there are studies that do show redox cycling at lower
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concentrations [112, 113]. In the control animals of the 2 week treatment group, ACh resulted
in a slight decrease in CL signal (20 %) suggesting slightly increased "NO scavenging of O™
On the other hand, the CL signal was not significantly changed by addition of L-NNA,
indicating that superoxide formation was not limiting ‘NO bioavailability. The slight increase in
CL in the diabetic group compared to controls is not consistent with our functional organ
chamber experiments and other ROS (CL/immunofluorescent) data, where we observe an
attenuation of O, production in these 2 week diabetic animals. One explanation could be an
overestimation of O, due to the above mentioned phenomenon of redox cycling, which
becomes especially important in systems of low O,". Moreover, as lucigenin is likely to detect
only extracellular O,", it may be difficult to ascertain physiologically representative levels
because our experimental ex-vivo setup does not take into account the effect of antioxidants in
serum and extracellular fluid components, including low molecular weight oxidant scavengers
and the extracellular SOD. In addition, the contribution of other intracellular scavenging
systems and those in the mitochondria are not taken into account. In the diabetic animals of the
8 week group there was a slight but significant increase in the lucigenin signal compared to
controls, and the addition of ACh resulted in a further slight increase, which may be due to
increased ACh-induced protein kinase C activation, leading to increased NAD(P)H oxidase
activity. L-NNA had no effect on the lucigenin signal, presumably due to the limitations of the

lucigenin detection method.

Coelenterazine is a lipophilic luminophore that permeates membranes and detects intracellular
ROS. It is directly oxidized by O,", thus eliminating redox cycling artifacts; however, it is not
entirely specific for O,” and may also detect ONOO'. In the diabetic animals of the 2 week
group, we found a marked decrease in coelenterazine signal intensity compared to controls
which increased by 2-fold after the addition of L-NNA. These results argue against the
possibility of the signal being due to the detection of ONOO' as in this case one would expect a
decrease rather than an increase in signal intensity (as a result of decreased scavenging of O,”
by NO). In fact, the difference in coelenterazine signal intensity in the diabetic group with and
without L-NNA points to an increased bioavailability of 'NO in the 2 week diabetic animals,
due to reduced basal O,". The data of the 8 week treatment group agrees with our data obtained
with lucigenin, showing a slight increase in CL signal intensity in the diabetic animals as

compared to controls while L-NNA had no effect, indicating that eNOS was not uncoupled.
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L-012 is a novel luminol analogue that, according to its structure, may detect intra- and
extracellular ROS. However, conventional SOD which does not penetrate membranes was
shown to abolish the L-012-derived CL signal from mitochondria, which strongly points to a
predominantly extracellular detection of ROS. L-012 was previously described to detect O, in
inflammatory cells and by our group in vascular tissue [114] and does not undergo redox
cycling. However, our group also showed that L-012 is not specific for O,” but may also detect
ONOO', whereby high concentrations of 'NO were shown to quench the ONOO' signal. In the
2 week treatment group, we observed no change in basal CL signal intensity between control
and diabetic animals. At first glance this seems to contradict our data obtained with lucigenin
(both lumiphores detect extracellular O,”), yet it may be possible that the high levels of O,
(as observed with lucigenin) may react with 'NO to form ONOO". However, conditions where
high levels of 'NO prevail (as we postulate to be the case in the 2 week treatment group) the
ONOQO' signal is quenched [115], which would account for the lack of difference in signal
intensity between control and diabetic animals. However, when 'NO is removed from the
system by the addition of L-NNA, no ONOO' is expected to be formed and the observed
increase in signal may be ascribed entirely to O,". This again is evidence for the fact that there
must be a significant increase in 'NO bioavailability in these animals. In the 8 week treatment
group, we found an increase in O, (ONOQ) in the diabetic group compared to controls while

L-NNA had no significant effect, suggesting limited 'NO bioavailability.

Finally, it must be remembered that the effects seen in the above experiments in the presence of
the non-specific inhibitor L-NNA can not entirely be ascribed to the inhibition of eNOS alone,
as iINOS and nNOS will also be inhibited, and it may be possible that these isozymes are

differently expressed in early and late diabetes.

Another commonly employed method to detect O, in tissue sections is the DHE fluorescence.
DHE is a cell-permeable compound that can undergo a two-electron oxidation to from the
DNA-binding fluorophore ethidium bromide. Although this method is semi-quantitative, it can
provide information about the topographical location of ROS in the vessel wall. DHE is
reasonably specific for O,” with little oxidation induced by H,O,, ONOO™ or HOCI. One
drawback of this method, however, is the capability of cytochrome c to oxidize DHE, which
may play a role in situations where mitochondria form the major source of O,", or where they
release cytochrome c, for example in early apoptosis. Our results in the 2 week treatment group

show a decrease in O, -derived staining in the diabetic animals compared to controls. This
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effect is particularly obvious in the endothelium and the adventitia, and indicates a marked
reduction in superoxide formation in early diabetes, consistent with our hypothesis of increased
"NO bioavailability in this stage. In the 8 week treatment group, O,” was markedly increased in
the adventitia and the media but also in the endothelium, consitent with the notion that
oxidative stress is increased in late diabetes and NO bioavailability is reduced. The staining
observed in the adventitia should, however, be interpreted with caution, as this may merely

reflect the extent to which the vessel was cleaned of surrounding tissue.

In summary, we used several different methods commonly employed to detect ROS (in
particular O,") in vascular tissue. However, the above mentioned drawbacks of each method
have to be considered when interpreting any data. At the same time it demonstrates the absolute
need to use at least 2 or 3 detection methods to be able to draw a reliable conclusion from the

results.

From our data it can be concluded that in the vessels of the diabetic animals of 2 week
treatment group there seems to be a decrease in O, levels (or oxidative stress) especially in the
endothelium, which is associated with an increase in L-NNA sensitive 'NO bioavailability. In
the vessels of the diabetic animals of the 8 week treatment group, however, there is an increase
in O, levels (or oxidative stress) in the media and endothelium that seems to go hand in hand

with a defect in the L-NNA sensitive ‘NO bioavailability.

4.6 The role of the NAD(P)H oxidase in vascular tissue

The NAD(P)H oxidase is believed to be the major O, source in vascular tissue. To see what
role this enzyme plays in our observed differences in ROS levels, we looked at the expression
of the NADPH oxidase subunits nox1 and nox4 as well as p67°™*,

In the diabetic animals of the 2 week treatment group, we found no significant increase in nox1
or nox 4 expression as compared to controls; however, the expression of p67°™* was markedly
reduced in these animals (Figs. 3.23.-3.25.).

In the 8 week treatment group, there was a marked increase in nox1 expression in the diabetic
group while the expression of both nox4 and p67" remained unchanged compared to controls
(Fig. 3.23.-3.25). While the catalytic subunit gp91™™ plays an important role in neutrophils,
endothelial cells and fibroblasts, it seems to be lacking in SMC of large arteries. However, in

these cells two functional homologues of gp91P"™* have been identified, namely nox1 and nox4.
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While nox1 and nox4 mRNA are also detectable in endothelial cells and fibroblasts, only nox1
is found in inflammatory cells [24]. Angiotensin II infusion [12] as well as carotid injury [116]
drastically increase nox1 expression with no or minor change in nox4 expression. While nox1
mediates agonist induced-superoxide production and proliferation of smooth muscle cells
[117], nox4 may be more involved in steady state production of low amounts of superoxide that
are important in the control of metabolic and differentiation functions of the cell as well as in
apoptosis. An important role for the NAD(P)H oxidase in diabetes was given by recent studies
in vascular tissue from diabetic animals and patients showing increased NAD(P)H oxidase
activity as well as increased expression of the NAD(P)H oxidase subunits p22”™* and gp91°™*
as well as p47™™ and p67™™* at the mRNA and protein level, respectively [44, 88, 118].
However, these observations most likely do not reflect ROS produced in the media, since

1P"* is not the catalytic subunit in smooth muscle cells from large arteries. Interestingly, in

gp9
vessels from atherosclerotic monkeys, increased levels of the NAD(P)H oxidase subunits
p22P"* and p477* co-localized with macrophages [118]. This suggests that macrophage
infiltration may represent another potential and distinct source of O,” in diabetic vascular
tissue.

While an increased expression of nox4 and p22°™* was observed in the kidney of STZ-induced
diabetic rats, no data are available on the expression of either nox1 or nox4 in the aorta of these
animals. We here, for the first time, demonstrate the disease duration-dependent upregulation of
the gp91P™* homologue nox! in the aorta of diabetic rats. This upregulation may explain the
increase in superoxide production observed with DHE staining in the media of the 8 week
treatment group. The decreased staining observed in the media of the 2 week diabetic group
seems not to be due to a decrease in the expression of nox1 but may be the result of increased
scavenging of O,” (by 'NO) and the marked decrease in p67™, whereby the lack of
association of p67™™™* with nox1, nox4, gp91™™ or p22"™* could result in a dysfunctional
oxidase. In the 8 week treatment group, the expression of p67ph°x increased by 2-fold compared
to the 2 week diabetic rats, and noxl was now highly expressed. This upregulation of
NAD(P)H oxidase components in late diabetes provides an increased capacity for superoxide

formation.

Differential regulation of nox1 and nox4, as observed in our model of diabetes, was also shown
in an angiotensin II-induced model of hypertension [12] and in a model of restenosis after
balloon injury [116]. As previously mentioned, nox1 is thought to mediate the agonist-induced

superoxide production as its mRNA in SMC was markedly upregulated in response to
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angiotensin II, platelet derived growth factor and serum, while nox4 was rather downregulated
by these stimuli [117]. Of note, ACE activity was found to be increased in the aorta of STZ-
treated rats [119], while ACE inhibitors as well as angiotensin II blockers improved
complications associated with diabetes [120]. Furthermore, a recent study by Forbes et al. [121]
showed a reduction in the accumulation of AGE by ACE inhibition in diabetic nephropathy. In
our study, we too found an increase in ACE activity in the serum of diabetic animals.

AGE were shown to play a major role in diabetic endothelial dysfunction by leading to altered
gene expression in a range of cells via their receptors (RAGE) [122]. Interestingly, a recent
study showed that AGE activate a NAD(P)H oxidase in human endothelial cells, which was
inhibitable by the flavin-dependent inhibitor DPI [123]. It is thus tempting to speculate that
AGE may also be involved in the agonist-induced superoxide production associated with nox1
in diabetes. Recently, two novel proteins (NOXO1 and NOXA1) were identified in mouse
colon which activate the O,” generation by noxl [124]. This activation was stimulus-
independent; however, in the presence of p47™™ or p67™, activation of nox! became
stimulus-dependent. Other studies support this data, showing that O, generation by SMC

which contain nox1 is stimulus dependent and involves p47°™

[125]. Thus, an interaction of
nox! with phagocyte NAD(P)H oxidase subunits may occur in some tissue and this would
make nox1 a versatile enzyme that could change activation mechanisms depending on the
subunits present in the cell type it which it is expressed.

Taken together, reasons for the existence of distinct nox proteins and their differential
regulation remain poorly understood but data point to the fact that their function may be
determined by their different localization within the cell. While gp91ph°X is associated with the
plasma membrane, recent studies have associated nox4 with focal adhesion complexes and
noxl with caveolae [126]. The latter is an interesting observation because NOS is also
associated with caveolae and this makes it feasible to speculate that the vascular dysfunction
observed in our 8 week treatment group may be due to a localized increase in the scavenging of
"NO by nox1-procuded O,".

A critical question is whether increased expression of the NAD(P)H oxidase subunit is
translated into increased NAD(P)H oxidase activity. Recently, Kim et al. [54], using lucigenin-
enhanced CL (high lucigenin concentration of 250 uM), found that the NADH-driven O,
production was significantly increased in homogenates from vessels of OLETF rats, a type
2 diabetes model. However, when using NADH to drive the NAD(P)H oxidase and high
lucigenin concentrations as the detector, a considerable degree of redox-cycling occurs, which

raises doubts of whether increased NADH-mediated superoxide production reflects increases in
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the activity of the NAD(P)H oxidase or whether this is artifactual [127]. For this reason, we
used low lucigenin concentrations (5 tM) and NADPH as an electron donor. In the membrane
fraction of heart tissue of both the 2 and 8 week treatment group, we found a significant
increase in O, in response to NADPH while no change in response to NADH was observed,
indicating that in heart tissue NAD(P)H oxidases preferentially use NADPH rather than NADH
to produce O,". DPI quenched the signal, pointing towards the involvement of a flavin-
containing enzyme, while neither rotenone (inhibitor of mitochondrial superoxide production)
nor L-NNA had any effect on the NADPH-induced O,” formation, thus excluding the
mitochondria and NOS as O," sources. Furthermore, addition of hypoxanthine resulted in no
change in signal intensity, thereby excluding the involvement of xanthine oxidase. There was
no difference in basal activity (in the absence of NADPH) between control and diabetic
animals. This would be expected because of the lack of available NADPH in preparations of
membrane fractions.

In membrane fractions of aorta, we found a 1.6 fold increase in the NADPH-stimulated oxidase
activity only in the 8 week treatment group, while there was no difference in the 2 week
treatment group. This data goes hand in hand with the expression of nox1 and it may point to a
critical role of this NAD(P)H oxidase subunit in the vascular dysfunction observed in diabetes.
The difference in the NAD(P)H oxidase activity between heart and aortic tissue in the 2 week
treatment group is unclear. The subunits gp9 17", p22P"* p67* and p47""™ were found to
exist in rat cardiac myocytes where they are thought to play a role in o-adrenoceptor
stimulation-induced hypertrophy [128, 129]. Furthermore, p47°™ protein was increased in rat
ventricular myocytes cultured in high glucose medium [130]. However, heart tissue is a
versatile mixture of cells, and one therefore can not exclude the possibility that the effects are

due to increased infiltration of the heart tissue by inflammatory cells.
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5 Summary and Conclusion

Vascular disease is the main etiology for death and for a great percent of morbidity in patients
with diabetes mellitus. Although pronounced macro- and microvascular endothelial
dysfunction is a hallmark of late stage diabetes, the early stage of uncomplicated diabetes is
characterized by increased blood flow and reduced peripheral resistance. The underlying
mechanisms of these divergent phenomena are still obscure and the aim of this study was to
elucidate the role of oxidative stress and its effect on the NO/cGMP pathway in early and late
stage diabetes, using the well established model of type 1 diabetes, the STZ-induced diabetic
rat.

The data of this study shows that early diabetes is associated with increased ACh-induced,
endothelium-dependent vasorelaxation that goes hand in hand with an increased sensitivity of
SMC to the endothelium-independent vasodilator NTG. Early diabetes had no effect on the
receptor- (Phe) mediated contraction nor on the KCl-induced contraction in the absence of the
endothelium and moreover, cAMP levels were not affected. Although we observed no change
in NADPH oxidase activity, ROS levels, as assessed with CL and DHE staining as well as the
expression of the NAD(P)H oxidase subunit p67™™ and HO-1, a marker of oxidative stress,
were decreased in early diabetes. Serum NO, , a marker of 'NO bioavailability, was increased
in the diabetic animals and this was associated with an increased sensitivity of sGC to 'NO with
a concomitant increase in cGMP levels. Furthermore, our results show that in early diabetes the
contribution of "NO to vasorelaxation may not occur via the cGMP/cGK-I pathway (as assessed
with VASP phosphorylation on ser239) and further studies are needed to elucidate the exact
mechanism by which "NO elicits its vasodilatory effect in these animals.

Late stage diabetes, on the other hand, exhibited a marked decrease in ACh-induced,
endothelium-dependent vasorelaxation, which was associated with decreased sensitivity of
SMC to the endothelium-independent vasodilator NTG. Although we found no change in
receptor- (Phe) mediated contraction of aortic rings, the KCl-induced contraction in the absence
of the endothelium was markedly attenuated in late stage diabetes. This may be explained by
our observed increase in cAMP in these animals, which was shown to inhibit voltage-
dependent calcium channels. ROS levels, as assessed with CL and DHE staining, were
increased in the aorta of late stage diabetic animals as was the expression of Cu/ZnSOD, the
enzyme responsible for O,” dismutation. This is associated with an increase in the NAD(P)H
oxidase subunit nox1 as well as an increases in the NADPH oxidase activity of aorta. Although

eNOS expression was significantly increased in late stage diabetes, most likely due to a
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compensatory mechanism, the ACh-induced 'NO bioavailability was markedly reduced,
concomitant with reduced ACh-induced cGK-I activity (as assessed by the phosphorylation
state of VASP on ser239), leading to endothelial dysfunction.

We can thus conclude that in early diabetes the aorta seems to over-compensate for the
oxidative stress that is associated with hyperglycemia by decreasing ROS levels, which in turn
leads to a concomitant increase in 'NO bioavailability and vasodilation. However, in late stage
diabetes, these compensatory mechanisms fail, resulting in hyperglycemia-induced increases in
ROS, decreased "NO bioavailability and eventually endothelial dysfunction.

This study reconciles the divergent data on endothelial dysfunction found in the literature and
emphasizes the need to standardize all procedures when using this model of STZ-induced

diabetes mellitus.
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6 Abbreviations

ACE
ACh
cAMP
cGMP
CL
DAN
DETC
DHE
dH,O
DPI
DTPA
DTT
ECL
ecSOD
EDTA
EGTA
EIA
eNOS
EPR
FAD
GTP
IBMX
LO-12
L-NNA
NADH
NADPH
NOy
NO5
NOS
NTG
Oy

angiotensin converting enzyme

acetylcholine

adenosine 3°,5’-cyclic monophosphate

guanosine 3’,5’-cyclic monophosphate

chemiluminescence

2,3-diaminonaphthalene

diethyldithiocarbamate

dihydroethidium

distilled water

diphenyleneiodium

diethylenetriaminepentaacetic acid

dithiothreitol

enhanced chemiluninescence

extracellular superoxide dismutase
ethylenediaminetetraacetic acid

ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid
enzyme immunoassay

endothelial nitric oxide

electroparamagnetic resonance

flavin adenine dinucleotide

guanosine 5’-triphosphate

3-isobutyl-1-methylxanthine
8-amino-5-chloro-7-phenylpyridol[3,4-d]pyridazine-1,4-(2H,3H)dione
N nitro-L-arginine

B-nicotinamide adenine dinuleotide, reduced form
B-nicotinamide adenine dinuleotide phosphate, reduced form
nitrite

nitrate

nitric oxide synthase

nitroglycerin

superoxide



Abbreviations

OLETF Otsuka Long Evans Tokushima Fatty
PAGE polyacrylamide gel electrophoresis
PBS phospate buffered saline

PDE phosphodiesterase

pGC particulate guanylate cyclase

Phe phenylephrine

PMSF phenylmethanesulfonyl fluoride
P-VASP vasodilator stimulated phosphoprotein, phosphorylated on ser239
ROS reactive oxygen species

SDS sodium dodecyl sulfate

sGC soluble guanylyl cyclase

SMC smooth muscle cells

SNP sodium nitroprusside

SOD superoxide dismutase

STZ streptozotocin

TEMED N,N,N’,N’-tetramethylethylenediamine
TMB 3,3°,5°5’-tetramethylbenzidine

VASP vasodilator stimulated phosphoprotein
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